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showing change in the structure of nanocaps (+1V, 100 pA). (d) A line profile at the
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4.5 UHV graphitization at a higher temperature (1320 ◦C) removes nanocaps from the
terraces. (a) 1.2 µm × 1.2 µm image shows tiger stripe features etched on the terrace
(+4 V, 100 pA). Amorphous nanocap features are missing from the terraces after
high temperature (1320◦C) annealing. (b) Magnified image (4000 Å × 4000 Å)
of the marked (red box) region in (a)shows non-uniform coverage of graphene in
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2 image shows a trigonal lattice as two neighboring carbon atoms do not image
identically. (d) Randomly chosen 15 spectra in a 30 Å × 30 Å region of layer 2
terrace. The inset shows spatially averaged spectrum with a suppression in the DOS
near -0.4 V. This is believed to be the position of the Dirac point [226]. . . . . . . . 64
5.2 STM imaging of layer 1 graphene shows different topographic character at vary-
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The fit generated interlayer coupling constant τ⊥=0.25 eV and Dirac point ED=-
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shows a 2D slice of the energy dispersion with intervalley and intravalley scattering
events. High resolution image (200 Å × 200 Å) of layer 2 epitaxial graphene show-
ing defect in the lattice and a scattering pattern (white box) (0.3 V, 100 pA). Inset
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be due to unzipping and zipping effect at the defect sites due to reheating. (b) and (c)
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5.7 High resolution (60 Å × 60 Å) STM imaging on the layer 2 defect in Fig. 5.6 shows
unique electronic and structural changes with change in bias voltage. (d) and (h) A
unique curvature in topography is seen at higher bias (see figure for values) due to
defect. (c), (f) and (g) At lower bias, the curvature in graphene is suppressed. (a),
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graphene covered SiC (2.5 Å) step edge (0.3 V, 100 pA). Regions on either side
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7.5 Spectroscopy studies of a Ni cluster as a function of distance. (a) 180 Å × 180 Å
high resolution image of a Ni cluster on EG (0.5 V, 100 pA). A scattering pattern is
also seen around the cluster. (b) Magnified rendered image of the metal cluster in
(a) (red box). An IV spectra is taken at every eighth point (8 × 8 grid) in the image.
dI/dV spectra is produced by doing a numerical derivative of the IV spectra. (c)
Radially averaged spectra (red circle in (a)) as a function of distance from the center
of the Ni cluster (see text). The spectra are vertically displaced for clarity. Arrow
points to the approximate location of the Dirac point for EG/SiC(0001) samples. A
shift is observed in the hump (red line) and the shoulder on the left, with distance. 106
7.6 Conductance (dI/dV) map of the topographic image in Fig. 7.5(a) with Ni cluster
(see Figures for energy values (V)). The red arrows point to the location of the
Ni cluster in the topographic image. Horizontal and vertical lines are drawn for
better clarity. At energies away from the Dirac point (∼-0.3 eV relative to the Fermi
level), the DOS is suppressed at the location of the Ni cluster. (b) Near the Dirac
point, however, such suppression is not observed due to infinitely long wavelengths.
Change in contrast between top and the bottom half of the image could be due
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It is generally believed that the Si technology is going to hit a road block soon. Amongst all
the potential candidates, graphene shows the most promise as replacement material for the aging Si
technology. This has caused a tremendous stir in the scientific community. This excitement stems
from the fact that graphene exhibits unique electronic properties. Physically, it is a two-dimensional
network of sp2 bonded carbon atoms. The unique symmetry of two equivalent sublattices gives
rise to a linear energy dispersion for the charge carriers. As a consequence, the charge carriers
behave like massless Dirac particles with a constant speed of c/300, where c is the speed of light.
The sublattice symmetry gives rise to unique half-integer quantum hall effect, Klein’s paradox, and
weak antilocalization.
In this research work, I was able to successfully study the growth and electronic structure of EG
on SiC(0001), in ultra-high vacuum and low-vacuum furnace environment. I used STM to study
the growth at an atomic scale and macroscopic scale. With STM imaging, I studied the distinct
properties of commonly observed interface region (layer 0), first graphene layer, and the second
graphene layer. I was able to clearly resolve graphene lattice in both layer 1 and 2. High resolution
imaging of the defects showed a unique scattering pattern. Raman spectroscopy measurements were
done to resolve the layer dependent signatures of EG. The characteristic Raman 2D peak was found
to be suppressed in layer 1, and a single Lorentzian was seen in layer 2. Ni metal islands were
grown on EG by e-beam deposition. STM/ STS measurements were done to study the changes in




Carbon is the sixth most abundant and perhaps the most remarkable element. It has an atomic
number 8 (1s22s22p2), and an atomic mass of 12 a.m.u. Carbon and its compounds play a major
role in earth’s ecosystem and sustain life forms. Carbon forms the backbone of organic chemistry
due its ability to form infinite number of molecules, with equally diverse properties. Catenation
is the ability of an element to form long chains because of strong covalent bonding. Carbon’s
catenating ability plays a key role in the field of polymer science. Carbon has a strong ability to
form stable σ and π bonds with itself which is the primary reason for the diversity exhibited by
its compounds. Catenation is also exhibited by other materials such as silicon. However, in Si
catenation is exhibited to a limited extent, as it prefers not to form π bonds due to poor side-on
overlap of the p orbitals.
Carbon catenates with three different kinds hybridization between the 2s and 2p orbitals. These
are sp3, sp2 and sp with bond energies of 370, 680 and 890 KJ/mol respectively [59]. Amongst
the three distinct flavors of hybridization, sp2 hybridization is particularly interesting. In this hy-
bridization, one electron in the fully filled 2s orbital gets promoted to the 2p orbital resulting in four
half-filled orbitals. The half-filled 2s and 2p orbitals combine to form three sp2 hybridized orbitals
and a non-hybridized delocalized p orbital. The three sp2 orbitals have a trigonal planar geometry
with a maximum angle of 120◦ between them (see Fig. 1.1(a)). The non-hybridized p orbital ex-
tends perpendicular to the plane and forms side-on covalent bond (π bond) with neighboring atoms
(see Fig. 1.1(a) and (b)).
Graphene is a 2D hexagonal network of sp2 bonded carbon atoms, and it has unique electronic
and structural properties (see Sec. 1.2). Hexagonal symmetries are abundant in nature as shown in
Fig. 1.1. Figure 1.1(c) shows the famous Giant’s Causeway rock formation located in Ireland which
is collection of hexagon shaped rocks stacked next to each other. Figure 1.1(d) shows hexagonal
symmetry exhibited by snow flakes, which has been extensively studied by x-ray measurements. A
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Figure 1.1: (a) Trigonal planar geometry of sp2 hybridized orbitals involves one half-filled s and
p two orbitals. The maximum angle between the orbitals is 120◦. (b) Unhybridized half-filled pz
orbitals in a hexagon of C atoms. They are perpendicular to the plane and form side-on covalent
bonds with other neighboring pz orbitals. (c) Giant’s Causeway rock formation in Ireland shows
hexagonal shaped rocks. (d) Hexagonal symmetry is exhibited by snow flakes which has been
verified by x-ray measurements. (e) Honeycomb network made by bees to store their supplies, also
exhibits hexagonal symmetry.
honeycomb lattice constructed by bees to store their supplies also shows hexagonal symmetry which
is closely related to the crystal structure of graphene. Theoretically, graphene is the most widely
studied allotrope of carbon and it has in several instances served as a starting point for deriving
electronic properties of other complicated materials [215].
Interestingly, graphene is popularly addressed as the ”mother” of other graphitic forms [75, 76].
Other dimensionalities, fullerenes (0D), nanotubes (1D) and graphite (3D) can be derived from
graphene by wrapping, rolling and stacking. Due to a strong in-plane sp2 bonding, the graphene
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fabric is probably one of the stiffest things known [121]. However, the coupling between neighbor-
ing planes is significantly weaker due to Van der Waal like interactions. Since its discovery [167],
graphene has caused tremendous excitement in the scientific community and an unparalleled rush
matched only by the buzz created by high temperature superconductors [24] and stem-cell re-
search [22].
1.1 Need for a Better Material System
Semiconductor industry has done well since adapting to silicon as the main material for chip man-
ufacturing. Moore’s law has been remarkably successful since it was proposed 44 years ago [153].
According to Moore’s law, number of transistors on a chip should double every two years. So far
the results have been very promising, but it has been predicted that silicon technology is going to
hit a road block soon.
There was a lot of excitement generated around carbon-based graphitic compounds two decades
ago. At that time there was a lot of discussion about the future of carbon based science [58].
Amongst all the possible candidates, carbon nanotubes (CNT) has showed a lot of promise as a
building block for ballistic electronic devices. CNTs are essentially a single sheet of graphene
rolled up into a cylinder. The helicity (rolling direction) determines the electronic properties of
CNTs. Both metallic and semiconducting (with varying bandgaps) [11, 42, 60] behavior can be
realized with proper helicity. Semiconducting properties of CNTs are particularly useful for switch-
ing (transistor) applications. CNTs can be grown in single-walled (one graphene sheet) [145] or
multiwalled configurations. Although, there are several promising reports of successful device fab-
rication [17, 46], CNTs is not a feasible option for mass scale production. CNTs suffer from un-
wieldy growth mechanisms, and unpredictable helicity during growth. Graphene on the other hand
has a two-dimensional crystal structure, making it compatible with standard industry lithographic
techniques.
1.2 Properties of Graphene
In this section, I will discuss some of the unique structural and electronic properties of graphene.
These properties make graphene an extraordinary electronic material, and a potential candidate for
the semiconductor industry.
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Figure 1.2: (a) Graphene hexagonal network is made up two interpenetrating sublattices A (black
spheres) and B (blue spheres). a1 and a2 are lattice vectors (red arrows) of the unit cell (2.46 Å). The
nearest neighbors are represented by vectors (yellow arrows) t1, t2 and t3. (b) The perpendicular
bisectors of the reciprocal lattice vectors (orange arrows) b1 and b2 enclose the first 2D Brillouin
zone (green colored region). Γ , K (K’) and M are the points high symmetry.
1.2.1 Geometry in Real and Reciprocal Space
Graphene is a hexagonal network of sp2 bonded carbon atoms that follow trigonal planar geometry
as shown in Fig. 1.2(a). Its unit cell is a triangular lattice, that has a basis of two carbon atoms. This
hexagonal network is not a Bravais lattice, and can be viewed as a combination of two independent
equivalent carbon sublattices A and B. The sublattices A and B, are identified as black and blue
spheres in the figure (Fig. 1.2(a)). The lattice vectors a1 and a2 representing the unit cell, are shown













where, a ≈1.42 Å is the distance between two neighboring carbon atoms. The size of the unit














t3 = −a(1, 0)) (1.5)
The six second nearest neighbors are located at: t’1 = ±a1, t
’
2 = ±a2, t
’
3 = ±(a2 − a1).













and they are represented by green arrows in Fig. 1.2(b). The perpendicular bisectors of the re-
ciprocal vectors enclose the Wigner-Seitz cell (green colored) in the reciprocal space, or the first
Brillouin zone (BZ). High symmetry points Γ , K and M in graphene are also indicated in the Fig-
ure The Γ point is at the zone center, where k=0. The six K points at the corner of the hexagonal
BZ are of particular interest, as the electronic structure of graphene is localized at these high sym-
metry points. The two neighboring high symmetry K points, namely K and K’ are inequivalent























The K point is commonly referred to as Dirac point for reasons that will be discussed later. The
symmetry point M exists on the BZ boundary midway between the K and K’ points.
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Figure 1.3: The low energy dispersion of single layer graphene. (a) The energy dispersion at
the six corners of the Brillouin zone is linear for a single layer graphene. The conduction bands
(π∗) and the valence bands (π) intersect at a point. This point of intersection is called the Dirac
point (ED) due to the nature of charge carriers, that behave as massless relativistic particles. These
quasiparticles move with a constant speed of c/300 ms−1, where, c is the speed of light. (b) A slice
of the energy dispersion relation shows contrasting electronic structure of graphene as compared
to traditional semiconductors. Semiconductors typically exhibit parabolic conduction and valence
bands separated by an energy gap (Eg). The blue and red colored bands denote conduction and
valence bands, respectively.
As mentioned previously, A and B atoms constitute two interpenetrating sublattices. The two
sublattices are equivalent, which gives rise to a unique sublattice symmetry in graphene. This sym-
metry is the primary reason behind the unique electronic properties of graphene, and is discussed in
the following sections.
1.2.2 Electronic Structure
Theoretical calculations to study the electronic structure of graphene were first carried out by Wal-
lace [215] in 1947. This served him as a starting point to study the electronic properties of graphite.
He observed unusual semi-metallic properties for the 2D crystal, which were ignored at that time, as
it was believed that 2D crystals were unstable and cannot exist in nature [148]. As mentioned previ-
ously, the non hybridized pz orbitals extend perpendicular to the trigonal planar arrangement. These
delocalized pz orbitals are responsible for the unique electronic properties exhibited by graphene.
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Tight binding calculations can be applied for low energy electronic dispersion (E(k)) in graphene.
The Schrödinger equation can be written as:
HΨ = E(k)Ψ (1.10)
where, Ψ is a linear combination of the Bloch wavefunctions, H is the hamiltonian and E(k)
represents energy eigenvalues. The Hamiltonian H, taking into account both the nearest and the








(a†σ,iaσ, j + b
†
σ,ibσ, j + H.C.) (1.11)
where, H.C. stands for hermitian conjugate, τ is the nearest neighbor hopping energy (≈ 2.8 eV)
i.e. hopping to a different sublattice, τ′ is the next nearest neighbor hopping energy i.e. hopping to
the same sublattice. The operator ai,σ(a
†
i,σ) annihilates (creates) and electron having spinσ (σ =↑, ↓)
on i, in sublattice A. This hamiltonian was employed by Wallace [215] to derive the energy band
structure given by [161]:
E±(k) = ±τ
√
3 + ζ(k) − τ′ζ(k) (1.12)
where,
ζ(k) = 2 cos(
√
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Figure 1.3(a) shows the energy dispersion from the above equation. The zoom in at the K or the
K′ point is also shown in the Figure The energy dispersion can be expanded close to point k = K+q.




|q| + O((q/K)2) (1.15)
7
Ignoring the higher order terms the equation can be rewritten as:
E±(q) = ±vF |q| (1.16)
where, vF is called the Fermi velocity and it has a fixed speed of ' 1 × 106 ms−1 [215]. Two
striking results emerge out of this derivation, that sets graphene apart from the other semiconductor
materials. The low energy electronic dispersions in graphene do not depend on the mass of the
charge carrier, in other words, the charge carriers in graphene behave like massless particles. This
is similar to Dirac particle like behavior in relativity, hence the charge carriers in graphene are also
known as the Dirac particles. It is also of interest to note that, the Fermi velocity vF doesn’t depend
on the electron mass. Figure 1.3(b) illustrates these contrasting properties of graphene compared to
the traditional semiconductors. The point of intersection of the π and π∗ bands is called the Dirac
point, indicated in Fig. 1.3(b). For undoped graphene the Fermi level lies at the Dirac point energy
(E=0). The lower inverted cone (red colored) is filled with electrons and represents valence bands
and the upper cone (blue colored) is the unfilled conduction band.




(a†σ,ibσ, j + H.C.) (1.17)
The hamiltonian H can be rewritten in terms of the fourier transform of operators a and b. These
can be expanded around points K and K’ (please see Ref. [161] for detailed analysis). An alternative











where, σ = (σx, σy) and σ∗ = (σx,−σy) are the pauli matrices. Ψi = (ai, bi) where, i=1,2 and
denotes point K and K’ . The hamiltonian H has two components, one each for K and K’. Now
around the K point the two component electron wavefunction is given by:
−ivFσ.∇ψ(r) = Eψ(r) (1.19)







and HK = vFσ.k. Here± corresponds to energies for the π and the π∗ band and θk = arctan(kx/ky).






and HK’ = vFσ∗.k
A few interesting properties follow from Eq. 1.20 and 1.21. The wavefunction changes sign if
the phase θ is changed by 2π. This indicates a phase of π and is commonly referred as the anomalous
Berry’s phase. This a hallmark of single layer graphene and it has been experimentally observed in
transport measurements [227]. This suggests that the wavefunction is a two-component spinor.
The Dirac-like relativistic behavior exhibited by the charge carriers in graphene leads to many
interesting properties. The relationship between cyclotron mass and the electron density of states is







where m∗ is the cyclotron mass. In recent experiments [56, 99, 166, 227], the
√
n dependence
has been observed. This suggests presence of Dirac-like particles in graphene.
In the past, it was assumed that 2D crystals could not exist in nature. It was shown that the ther-
mal fluctuations alone could destroy the long range order in 2D crystals [118, 148], rendering them
unstable. In graphene there exists out-of-plane phonon modes that can causes ripples in graphene
topology. These can be controlled to a certain degree by supporting graphene on a substrate, thereby
preventing crumpling. Meyer et al [149] studied free suspended graphene sheets in vacuum sup-
ported only at the edges. Using transmission electron microscopy (TEM), they observed intrinsic
deformations in the graphene lattice that can reach upto 10 Å.
1.2.2.1 Klein Paradox in Graphene
Electrostatic potentials due to disorder are responsible for scattering in a material. The disorder
could be due to atomic scale defects, corrugation in the film, species adsorbed on the surface of
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the material, and an interaction with the substrate. It is known that in quantum electrodynamics the
relativistic particles are insensitive to external electrostatic potentials due to Klein paradox [107].
Charge carriers in graphene have an unusual Dirac-like behavior. These fermions under certain
conditions are immune to scattering and localization effects observed in ordinary electrons. They
can travel upto distances of micron scale without scattering [167].
In quantum mechanics, a particle like electron incident on a potential barrier of height greater
then its kinetic energy, transmits through the barrier with a finite probability. The transmission
probability decreases with an increase in barrier height in the non-relativistic processes. In rela-
tivistic quantum processes, an electron starts penetrating through the barrier when its rest energy
(mc2) becomes less than half the potential barrier height. Traditionally, in a non relativistic process
, the transmission probability increases with an increase in the barrier height becoming perfectly
transparent for very high barriers. This effect has been explained by generation of positron states
in the high barrier [77]. This barrier is attractive for positrons and repulsive for electrons. The
energy states of both the electrons and the positrons align at the interface, leading to wavefunc-
tion matching, which results in a high transmission probability. This effect has not been observed
experimentally thereby creating a paradoxical situation.
As mentioned previously, graphene electrons and holes states are connected via sublattice sym-
metry, which requires the quasi-particle wavefunctions to have two components that include con-
tributions of both the sublattices. The spin component, pseudospin represents different sublattices
in graphene. This situation is similar to spinor wavefunctions in quantum electrodynamics (QED).
Due to the above mentioned similarities, relativistic phenomenon can be experimentally observed





where, D is the barrier width, φ = arctan(ky/kx) and
qx =
√
(V0 − E)2/(v2F) − k
2
y . (1.24)
vF is the Fermi velocity, V0 is the barrier height and E is the energy of the incident electron. The
derivation assumes a square potential barrier.
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Figure 1.4: (a) The two possible edge termination of graphene lattice, namely: zigzag (horizontal
direction) and armchair (vertical direction). Armchair edge consists of carbon atoms from both sub-
lattice and the zigzag edge consists of carbon atoms from the same sublattice. Different electronic
properties are seen for the two terminations [158].
1.2.2.2 Trigonal Warping
At the K valley, the electrons (holes) have an energy vp (-vp), where p is the momentum. The
chirality for electrons and holes in this valley is therefore σp/p = 1 and σp/p = −1 respectively.
The chirality however is reversed in case of valley K′, σp/p = −1 for electrons and σp/p = 1 for
holes. The dispersion in graphene is dependent on the direction in the momentum space, due to the
quadratic term in Eq. 1.15. This introduces some anisotropy in the graphene electronic spectrum,
and causes a small trigonal warping (three fold symmetric). This breaks the valley symmetry in
graphene, the strength of which depends on the degree of warping [144].
It is known that due to sublattice symmetry (A and B) and chiral nature of electrons, scattering
processes are unable to backscatter the charge carriers [12]. Trigonal warping suppresses this
anti-localization [144] which can lead to small back-scattering in graphene. As a consequence,
conventional weak localization may be restored. Traditionally absence of back scattering has been
linked to weak anti-localization [12].
1.2.2.3 Graphene Ribbons
The graphene lattice can have two kinds of edge termination, zigzag and the armchair configuration.
Figure 1.4(a) shows the zigzag and the armchair terminations along the carbons A and B of the two
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equivalent sublattices. Zigzag edge only has carbon atoms from a single sublattice due to which
localized electronic states appear along the zigzag edge [158, 159]. The energy dispersion in the
direction of the zigzag edge is flat, and therefore a sharp maximum is observed in the density of
states at the Fermi energy. An armchair edge, however, has carbon atoms from both the sublattices.
As a result, this configuration does not yield localized states and behaves as an infinite graphene
lattice.
Confinement of particles causes the appearance of discrete quantized energy levels. This is
analogous to the particle in a box problem in quantum mechanics [78]. Theoretical calculations
by Son et al [199], suggest quantization of the energy levels due to confinement in graphene. The
energy separation between the quantized levels depends on the width of the graphene ribbon.
1.3 Methods of Production
Unique extraordinary electronic properties of graphene, have prompted the scientific community
to explore and develop methods to produce graphene. Perhaps, the most ingenious method that is
believed to have started the graphene rush is mechanical exfoliation of graphene [166, 167, 227].
This process involves peeling graphene layers off the bulk graphite crystal using an adhesive tape.
Different flavors of graphite, for example highly oriented pyrolytic graphite (HOPG), Kish graphite
or other naturally occurring graphite are used as a source. In this method, an adhesive tape is placed
on the bulk graphite and pressed down to ensure good contact. Topmost layers of graphite are then
peeled away in a certain manner to ensure high yield. The material on the tape is transferred to 300
nm SiO2 grown on top of degenerately doped Si, by rubbing against it. The 300 nm thick SiO2
creates a subtle optical effect [7, 40, 74, 157], making it easier to locate and identify graphene flakes
with an optical microscope. Although this method is crude and it is tedious to accurately identify
single-layer graphene in a sea of thicker flakes, it has been very successful in creating samples
for table top experiments. Graphene flakes identified by virtue of this optical effect are further
confirmed by their Raman spectroscopy [68].
Graphene samples prepared by this method suffer from intrinsic drawbacks. Giant corrugations
have been reported in these flakes at smaller lateral distances [97, 226]. These corrugations were
previously believed to be due to intrinsic corrugation of the graphene itself [149, 150]. These
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Figure 1.5: Different graphene production methods. (a) Mechanically exfoliated graphene on SiO2
laying on heavily doped Si. Single layer graphene is identified by a subtle optical effect on 300
nm SiO2. The figure is taken from reference [168]. (b) High resolution STM image (50 Å × 40
Å) of graphene on Ru(0001) showing 25 × 25 supercell (-0.07 V, 1 nA). The figure is taken from
reference [134]. (c) A large STM image (3 µm × 3 µm) on the Si-face showing a topography
dominated by SiC steps and large scale roughness (3 V, 100 pA). The sample is 2.3 ML thick.
(d) STM survey scan (20 µm × 20 µm) of EG on the C-face showing large graphene terraces and
puckers in the graphene film (3 V, 100 pA).
corrugations were also believed to be responsible for absence of low field magnetoresistance in
graphene on SiO2 [155]. However measurements done by Ishigami et al [97], suggest that graphene
on SiO2 conforms partially to the underlying SiO2, that has giant surface roughness. There are also
charge fluctuations in the underlying SiO2 substrate. The graphene flakes produced by mechanical
exfoliation are ∼10-100 µm size, making it unviable wafer scale production method required for the
semiconductor industry.
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Following the work of Novesolov et al [167], other mechanical exfoliation methods have been
developed. One such production method is based on intercalation and ultrasonic treatment of
graphite to isolate graphene flakes [221]. This method employs ultrasonic treatment of graphite
in water, which produces graphene flakes. This process of delamination can be dramatically en-
hanced by intercalation of bromine from a Br2 saturated water solution. This method, however,
suffers from low yield and small sized flakes.
Growth of high quality graphene films has also been demonstrated on transition metals. The first
successful report of layered graphene growth was published in 1983 by Rosei et al [193]. In this
method, Ni(111) substrates were exposed to 10−5 to 10−6 Torr of CO during high temperature ultra-
high vacuum (UHV) cleaning. Graphitic growth on other metal carbides (WC, HfC, TaC and TiC)
has also been reported [9, 10, 98]. In these reports a shift in graphene bonds was observed, which
was related to the expansion in the graphene lattice. These shifts were previously believed to be
consequence of charge transfer from the substrate. Nagashima et al found that the chemical shift is
due to rehybridization of substrate and graphene bonds [156]. Recently single layer graphene films
have been reported on Ru(0001) [177, 206]. Fig. (b) shows an STM image of graphene on Ru(0001)
with a Moiŕe pattern. The Moiŕe pattern seen in these films [134] has been explained [216] by
buckling of the graphene films due to an alternating weak and strong interaction with Ru. This
strong interaction may result in band gap opening and charge transfer from metals [216].
High quality graphene films can be grown epitaxially on SiC crystals, a potential route towards
wafer-scale production. In this method, hexagonal SiC samples are annealed under UHV conditions
to temperatures above 1200 ◦C. Under such conditions, Si desorbs form the sample and carbon
atoms that are left behind naturally form graphene films that are in registry with the underlying
substrate. Depending on ambient conditions and the final annealing temperature, several graphene
layers can be grown on SiC. Graphene growth has been demonstrated on both the Si- (0001) and C-
(0001) terminated faces of hexagonal bipolar SiC crystal. In this thesis work, growth and electronic
structure of graphene films on the Si-face of SiC crystal has been investigated with various surface




In this thesis research, a lot of different surface science techniques were used in conjunction with
one another. The primary techniques used in this work are STM, STS, LEED, AES and Raman
Spectroscopy that will be discussed in detail in the following sections. All ultra-high vacuum (UHV)
growth of the epitaxial graphene, and most of the characterization was done in a home-brewed room
temperature (RT) system [189]. The Raman measurements were done via Reinshaw spectrometer
RM 1000 at the materials science and engineering department at Georgia Institute of Technology.
The RT system (see Fig. 2.1) has a base pressure of ∼ 1×10−10 Torr. It is equipped with an ion pump,
turbo mechanical pump, diaphragm pump, titanium sublimation pump (TSP) for maintenance of
UHV environment. The various surface science mounted on the chamber are low energy electron
diffraction (LEED), Auger electron spectroscope(AES), scanning tunneling microscope (STM) and
field emission microscope (FEM). Sample preparation and cleaning is done by an electron-beam
heater mounted on a sample manipulator which is capable of motion in three translational directions,
and one rotational direction. STM tips are cleaned by an electron-beam heater. The chamber is also
equipped with a sputtering gun and two material (Ni and C) deposition setups.
2.1 Scanning Tunneling Microscope
STM remains an extraordinary tool even 27 years after it was invented by Rohrer and Binnig in
1982 [30, 32]. They were awarded the Nobel prize for its invention in 1986. It has been a powerful
tool to extract both atomically resolved topographic and electronic information. In this technique,
a sharp metal probe is brought within a distance of a few angstrom to the sample of interest, and a
voltage bias is applied between them. If the tip and the sample are close enough, a tunneling current
is obtained through the vacuum gap. Figure 2.2 shows a sharp metal probe in close proximity of the
sample with a voltage bias between them. The observed tunneling current depends on the magnitude
of the bias voltage (V), distance between the tip (d) and the sample, and the local density of states
of both the tip and the sample under investigation. In our room temperature system, the tunneling
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Figure 2.1: An image of the room temperature system. The system has a base pressure of 1 ×
10−10 Torr. The system is equipped with various surface science techniques, namely: scanning
tunneling microscopy, Auger electron spectroscopy, low energy electron diffraction, field emission
microscopy and more. Ultra-high vacuum is maintained by titanium sublimation pump (TSP) and
an ion pump, in addition to a diaphragm pump and turbo molecular pump for sample transfers. The
reader is referred to Ph.D. thesis work of Paul Quesenberry [189] for more details.
current is amplified by a factor of 108 by a current to voltage convertor, mounted on the STM stage
itself [189]. The reader is referred to the Ph.D. thesis work of Paul Quesenberry [189] for details
about the working and construction of our home-built scanning tunneling microscope.
In STM, both the tip and the sample are made up of conducting materials. All data reported
in this thesis work was acquired by chemically etched tungsten tips, which are cleaned in situ by
e-beam bombardment. Our samples are held at virtual ground and the bias voltage is applied to the
tip. However, the sample bias voltages are reported in the thesis. In principle, a negative bias voltage
probes the filled states and a positive bias voltage probes the empty states of epitaxial graphene (EG).
In the energy range that we deal with, the tip (metal) DOS of states does not vary much and can
be treated as a constant. Therefore, only the sample LDOS plays an important role. Clean surfaces
and tips are required for STM measurements as impurities can modify the electronic properties of
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Figure 2.2: A scanning tunneling microscope is based on the principle of quantum mechanical
tunneling. A sharp tip (zoom in) is brought close to the sample and a voltage bias is applied between
them. A tunneling current is observed which depends on the voltage bias (V), distance between the
tip and sample and the density of states (DOS) of both the tip and the sample. The tunneling current
in the room temperature system gets amplified by a factor of 108 with an internal current to voltage
convertor [189].
the sample. Typically, after the sample preparation, STM based measurements are done under UHV
conditions.
2.1.1 Theory and Working
STM is based on the principle of quantum mechanical tunneling, which classically is a forbidden
process. The potential barrier VB for simplification is replaced by its average value (a constant)
in the barrier (square potential barrier). An analytic solution for the tunneling current can be de-
rived by solving the Schrödinger’s equation of the quantum mechanical problem. One dimensional






+ VBψ(z) = Eψ(z) (2.1)
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where, E is the energy of the incident electron, ~ is the Planck’s constant and since E < VB, ψ(z)
is a decaying wavefunction in the barrier is given by:







is the decay constant. The tunneling current based on this simple model is given by:
I ∝ e−2κd (2.4)
It immediately follows from the above expression that, the tunneling current is very sensitive to
the distance between the tip and the sample. Work function of most of the metals used for preparing
tips, lies between 4-5 eV this gives us, κ ∼1 Å−1. This suggests that for every 1 Å change in the
separation, the tunneling current changes by an order of magnitude.
An analytic solution to the tunneling problem was first proposed by Bardeen [21]. He applied
time-dependent perturbation theory (Fermi’s golden rule) to estimate the rate at which electrons
cross the tunneling barrier. A tunneling matrix M, can be obtained by solving the Schrödinger
equation on either side of the barrier for wavefunctions ψµ and ψν. The matrix M is a result of a
small overlap between the two wavefunctions. This analytic treatment was later extended to STM
by Tersoff [207] by asumming ψµ and ψν as tip and the sample wavefunctions, respectively. The












|Mi f |2ρ f (2.6)
where, R is the transition probability and ρ f is the density of final states.
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Figure 2.3: Process of vacuum tunneling. (a1) Two conducting materials of different work function
(EFS and EFT ) have no interaction when they are far apart from each other. (a2) When the two
materials are allowed to come close, an equilibrium is established by alignment of the Fermi level.
(a3) A voltage -V applied to the sample raises its Fermi level by an amount eV with respect to the
Fermi level of the tip. (b) A voltage bias of -V enables the electrons in filled states of graphene to
tunnel into empty states of the tip. The window for electron tunneling process is eV between the
two Fermi levels.
In Fig. 2.3(b), a negative voltage -V is applied to the sample which effectively raises the Fermi
level of the sample by eV with respect to the fermi level of the tip. The total tunneling current from






|M|2ρs(ε)ρt(ε + eV)dε (2.7)
where, ρs and ρt are the tip and sample local density of states. Now, according to Wentzel
Kramers Brillouin (WKB) approximation, potential barrier is assumed to be square barrier. There-








where, VB and d are the square barrier height and width respectively.
In our experiments, almost all of the data has been acquired with tungsten tips, which is believed
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to have flat density of states near its Fermi surface. The tip density of states ρt can be treated as a












where, VB, the height of the barrier is a combination of tip and sample work functions. A
higher value of VB makes the tunneling current more sensitive to the separation d and gives better
resolution.
2.1.2 Scanning modes in STM
There are two different ways to scan on a sample. They are referred as the constant current and
constant height mode.
In constant current mode, the tip is scanned across the sample with the tunneling current kept
constant at the desired locations. This is done by changing the tip sample separation. The separation
(z) and any spectroscopic information is recorded. A constant current is maintained by enabling a
feedback loop, that keeps the tunneling current constant.
In constant height mode, the tip is scanned across the sample with the separation (z) between
the tip and the sample, held constant, and the feedback loop is disabled. The value of the tunneling
current (It) and any spectroscopic information is recorded at each pre-determined location.
Although, constant height mode is a faster mode, constant current mode is more popular and is
effective for samples that have a rough texture. All STM data in this work has been acquired in the
constant current mode. This is done by scanning the tip on the sample at a predetermined value of
tunneling current (It) and bias voltage (V).
2.1.3 Topographic Imaging
Topographic imaging is the most popular STM mode used by research groups. Typically in this
mode a voltage bias (-V) is applied to the sample and the tip is held at virtual ground. The tip
is scanned across the sample by applying appropriate voltages to the x and y piezos. A feedback
loop is enabled that keeps the the tunneling current constant. At the heart of feedback loop is a
logarithmal amplifier that generates an error voltage if any deviations are observed in the tunneling
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Figure 2.4: Figure illustrating some of the common applications of STM. In topographic imaging
mode, a tip rastered across a biased sample (-V) generates a height map which is proportional to
the integrated DOS below the sample fermi level. The dI/dV or the differential conductance spectra
(red line) is related to the local density of states. Atomically resolved dIdV maps are generated by
taking spectra at all the imaging locations.
current (see Fig. 2.3(b)). This error voltage is then applied to the z piezo, that controls the separation
between the tip and the sample. This error voltage maps the ”height” (topography) of the sample
and is recorded at every pixel location. The height map (see Eq. 2.9), is the charge density from the
region within eV, between the two fermi levels (see Fig. 2.3(b)). This is the primary reason why
topographic imaging in semiconductors and semimetals is bias dependent.
A negative bias voltage (-V) (see Fig. 2.3(b)) allows the electrons in graphene filled states to
tunnel into the empty metal states. In general, by varying both the magnitude and the sign of the
bias voltage, bias dependent topographic maps can be generated. It is important to note that if the
bias voltage is too high, then our square barrier approximation breaks down.
2.1.4 Scanning Tunneling Spectroscopy
STM has a unique ability to measure atomically resolved local density of states (LDOS) which sets
it apart from other local probing techniques. As mentioned in the previous section, topographic
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height measurement in the imaging mode, is proportional to the integrated density of states below
and above the sample and tip Fermi levels respectively (see Fig. 2.4), for a bias voltage -V applied





DOS is typically measured by employing lock-in techniques. A small modulation voltage dV
(few mV, ∼1 kHz), is applied to the bias voltage (V) and the resulting modulation in current (dI) is
recorded. Thus, DOS at a particular bias voltage is given by:
dI
dV
∝ DOS (V) (2.11)
In our RT system, LDOS or conductance information is generated by first acquiring a current-
voltage (IV) spectra. This is done by disabling the feedback loop and keeping the distance between
the tip and the sample fixed at a predetermined value. Spectra is recorded by varying the voltage bias
and recording the tunneling current. The dI/dV spectra is generated by doing a numerical derivative
of IV spectra. In STM, one can precisely control the location (x,y) where the IV spectra is to be
taken. The DOS measurement as a function of bias voltage is more commonly known as scanning
tunneling spectroscopy [202]. Resolution of the spectroscopic data is limited by the thermal broad-
ening effects at finite temperatures. At room temperature, i.e. 300 K thermal broadening is given by
kBT ≈ 0.026 eV. Where, kBT is the Boltzman constant (1.38×10−23 J/K). Therefore the tip and the
sample distribution spread is ≈0.052 eV, and total energy deviation is ≈0.1 eV. In order to avoid the
smearing of features in DOS spectra, measurements are preferably done at low temperature (LT) of
4 K or 77 K.
The scanning tunneling spectroscopy can also be used to generate atomically resolved differen-
tial conductance maps, also called DOS or dIdV maps. Typically, LT STM is used to generate high
resolution maps, where spectra is acquired at every imaging location. The acquisition time for dIdV
maps is significantly greater than the topographic imaging. Because of this, thermal drift at room
temperature can adversely effect the measurements. Therefore, instead of acquiring spectra at every
point (fine 1×1 grid), bigger grids (5 X 5) are typically used for room temperature conditions. Time
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Figure 2.5: Illustration of the process to prepare chemically etched tungsten (W) probe tips. (a) The
tip is displaced back and forth between 0.1 M KOH solution, and a voltage (see text for values) is
applied between them for electro chemical etching. (b) The process is continued at a lower voltage
with a thinner KOH bubble for local etching. (c) At this stage a neck formation takes place and the
end breaks off, leaving behind a sharp tip as shown in (d).
spent during the acquisition can also be reduced to a great extent by doing faster spectroscopy. This
is done by acquiring a lesser number of data samples (for averaging) per grid location and by cutting
back on the time delays between different sample sets. This is also done by cutting down the time
delays between data points within the same sample set. Another useful measurement commonly
known as a linecut, is done by acquiring spectra at discrete points along a straight line.
2.1.5 STM tip preparation
All data in this work has been acquired by tungsten probe tips. Both poly (100) and single (111)
crystal tungsten was used to prepare STM probes. For preparation, a thin tungsten wire is spot
welded to thicker tungsten shank for easy mount on the STM tip assembly. This is followed by
chemical etching methodology of Melmed [147]. The end of the tips are electrochemically etched
in the 0.1 M KOH (potassium hydroxide) solution (see Fig. 2.5). A fresh tip is prepared by etching
away the end of the tungsten wire. This is done by an initial etch at a fast rate (VDC=4 V). After
this, a thin neck is created by moving the tip back and forth between the bubble (VDC=2 V). This
is followed by slow etching (VDC≤ 1 V) where the end of the tip falls off leaving behind a sharp
tip. The same procedure can be followed for resharpening, the tips. The following electrochemistry
[18] governs the tungsten etching process.
CATHODE: 6H2O + 6e− → 3H2(g) + 6OH−
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ANODE: W(s) + 8OH− → WO2−4 + 4H2O + 6e
−
COMPLETE : W(s) + 2OH− + 2H2O→ WO2−4 + 3H2(g)
In the above reaction, H2 gas and WO2−4 ions are released at cathode and anode respectively.
After preparation, these freshly prepared tips are rinsed with ethanol and distilled water. These are
then transferred in the chamber via the load-lock transfer arm for further preparation. Inside the
chamber, the tips annealed by electron bombardment for removal of oxide layers. To check the
shape and the sharpness of the tips, they are kept in front of phosphor screen. The collector screen
is kept at high positive bias (2-5 kV) and a negative bias is applied to the tip. This negative bias is
slowly ramped up till a pattern is observed. The lower the negative bias, the sharper are the tips you
get.
Sharpness of the tip plays an important role in the resolution. A simple estimate assuming a
parabolic tip done by Binnig et al [30], gives a resolution of 50 Å for a tip having 1000 Å radius.
2.2 Low energy electron diffraction
Since its invention in 1927, LEED[54, 200] has become a popular technique for quick characteriza-
tion of ordered surfaces. It has been successfully applied for determination of unit-cell size, shape,
structure and symmetry in materials. Low energy electrons are surface sensitive1. They have a small
mean free path( 5 Å), as they interact strongly with matter. This along with strong elastic backscat-
tering from the ion cores ensures very small contribution from successive layers. The diffracted
beams project a reciprocal map of the surface on to a phosphor screen (Ewalds sphere). The room
temperature surface science chamber is equipped with Reverse View LEED Optics, manufactured
by Princeton Research Instruments (PRI) model RVL 8-120, which is used in conjunction with PRI
LEED electronics model 11-020. The LEED setup is shown in Fig. 2.6.
2.2.1 Construction and working
The LEED setup can be classified into three main components, namely: the electron gun, the de-
tector and control system, and the electronics. The electron gun consists of a thoriated iridium
1An electron having an energy 100 eV has a De Broglie wavelength of 1.22 Å.
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Figure 2.6: The diagram of the reverse view LEED optics princeton research instruments model
RVL 8-120. The diagram is a reproduction of the figure in the instruction manual [3]. The setup
consists of four hemishperical grids (G1-G4), electron gun (F1 and F2) and optically transparent
(SnO2) collector screen. Grid G1 is grounded, G2 and G3 are suppressing grids for high pass
filtering and G4 is the shield between the collector and suppressor grids.
(extremely resistent to burnouts) filament in an optically tight enclosure to eliminate optical in-
terference from the filament. The filament connections are brought out through F1 and F2. The
detector and the control system has four hemispherical grids(G1-G4) along with a hemispherical
glass collector (C) screen. Each of these grids have a hole for the electron beam. Under normal
usage, grid G1 is grounded by using an MHV shorting connector. The grids G2 and G3 are called
suppressor grids and are tied together for superior high pass filtering capability. The grid G4 is
permanently grounded, and acts as a shield between the suppressor grids and the collector. The
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collector screen is a biased at a potential of 2-5 kV. It is uniformly coated with optically transpar-
ent SnO2, a phosphorescent material. The LEED electronics provides current to the filament and
voltages to the grid and the collector screen.
The desired sample is placed at the common center of curvature of the grids perpendicular to
the monoenergetic electron beam with variable energy (0-300 keV, typically). The typical beam
size is 0.5 mm. The electrons get backscattered (elastically and inelastically) from the sample and
emerge as diffracted beams in different directions with various intensities depending on the energy
of the original beam. The beams traverse the distance between the sample and the grounded grid
G1 and pass thorough grids G2 and G3. Voltages are applied to G2 and G3 in a manner that only
the diffracted electrons having sufficient energy are allowed to pass through the grids, on to the
grounded grid G4. In other words, the grid acts as a high pass filter that only allows the elastically
backscattered electrons to pass. This double grid setup is a powerful method for contrast adjustment
in LEED. These electrons get accelerated onto the collector screen by a high positive potential. A
LEED pattern is observed on the LEED screen due to phosphorescence as the electrons strike the
screen. The (00) pattern can be observed by tilting the sample.
2.2.2 Some remarks
There are experimental limitations on the coherence (10-20 nm) of the electron beam. Kinematic
scattering theory assumes a single scattering event similar to the x-ray diffraction theory. A more
complete multiple scattering theory takes into account multiple scattering events in the sample be-
fore the diffracted beam is projected to the screen. For advanced analysis a more sophisticated
dynamical scattering theory is commonly utilized. Although multiple scattering theory is more
applicable to LEED, kinematic scattering theory can be successfully applied for determination of
unit-cell size, shape, superstructures, domains and symmetry determination. Slightly more involved
analysis can provide qualitative information pertaining to domain size (spot size) and point defects
density (background intensity). Multiple scattering theory, however, can be applied for unit cell
determination. The advancement in the field of multiple scattering theories took place in 1960s
with development of sophisticated programs and simultaneous development in both theoretical and
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experimental fields. Essential components of the multiple scattering theory consist of ion core scat-
tering, multiple scattering, inelastic scattering and temperature effects. There are achieving complex
atomic form factors at work in electron scaterring. Multiple scattering events are first treated in the
same layer and then for certain penetration depth. First, intensity vs energy information is ex-
tracted experimentally for LEED diffraction spots. Then these are compared with dynamical theory
plots. This method is repeated a number of times for different presumed structure as an input for
the dynamical theory until a minimum reliability factor (R) is obtained. Pendry R factor is the
most commonly used reliability factor. A structure having R less than 0.2 is considered reliable.
This methodology can predict structure with a 0.01 Å accuracy. This technique has played an in-
strumental role in providing structural and sample quality information during different stages of
graphitization.
2.3 Auger electron spectroscopy
Auger electron spectroscopy (AES) is a useful surface science technique for detection and qualita-
tive measure of chemical species present in a sample. The technique was developed in 1960s and
named after Pierre Auger, a French physicist who discovered the process in 1925 while working
with x-rays and a Wilson’s cloud chamber [16]. The technique is based on Auger radiationless
process. In this process an impinging electron beam doubly ionizes the atom by removing a core
level electron, which may result in decay of the atom to a lower energy state by electronic transition.
This transition releases energy which is transmitted to an ejected Auger electron. Figure 2.7(a) il-
lustrates the KL1L3 Auger process. A high energy electron beam removes an electron from the core
K shell leaving the parent atom in an excited state. Electronic rearrangement results into decay of
an electron from L1 shell to the K shell and the transition energy gets transferred to an electron in
another shell L3 which gets ejected from the atom. The ejected Auger electron is detected by energy
analyzer and has kinetic energy characteristics of the parent atom.
2.3.1 Instrumentation
A typical Auger electron spectroscopy system consists of an electron gun for excitation and an
energy analyzer for detection of the Auger electron peaks housed in an ultra-high vacuum. Our
Auger electron spectroscopy setup consists of a single pass cylindrical mirror analyzer (CMA) PHI
27
Figure 2.7: (a) An illustration depicting the typical KLL Auger process. A core (K) electron is
removed by an impinging electron beam to be replaced by an electron from high energy state (L1).
The released transition energy is transferred to an ejected Auger electron. (b) An example plot
(N(E) and incident energy E) demonstrating Auger peaks buried in a background of secondary and
elastically scattered electrons. (c) Magnified plot of the region circled in (b). (d) Plot of d(N)/dE vs
E showing enhancement in Auger peaks.
model 10-155, electron gun control PHI model 11-010, Auger system control PHI model 11-500 A,
lock-in amplifier princeton applied research model 520 and a high voltage tennelec power supply
make up our Auger electron spectroscopic setup (see Fig. 2.8 for a detailed schematic). Although,
the retarded field analyzer (RFA) typically found in LEED setup has a larger solid angle for the
detection of electrons it suffers from poor signal to noise ratio as it collects electrons above a certain
energy unlike cylindrical mirror analyzer which does it for a certain energy range. The sensitivity of
the Auger spectroscopy is influenced by the incident beam current and energy, transition probability
of the Auger process involved and the collection efficiency of the analyzer. In order to get best
focussing of the electrons CMA uses a takeoff angle of 42◦(±3◦) from surface normal. The CMA
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Figure 2.8: Schematic of the single pass CMA with electron gun and energy analyzer. Inner cylinder
is kept at ground potential and a negative potential is applied to the outer cylinder. A take off angle
of 42◦ from the sample is used for best focussing of electrons. Auger peak detection is done by
Lock-in techniques.
is made up of two coaxial cylinders. The sample and the detector lie on the common axis of the
two cylinders. A negative bias (V) is applied to the outer potential (radius r2) and the inner cylinder






where e is the electron charge. Only the electrons that have energy E are deflected by the outer
cylinder and focussed on the detector. The distance between the source and the focus is 6.1r1.
2.3.2 Modulation Technique
Auger electron peaks detected by the energy analyzer are superimposed on a large background. The
detection process is greatly simplified by differentiation of electron energy distribution N(E). The
electronic differentation ( dN(E)dE ) is accomplished with lock-in detection technique. This is realized
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by superimposing a small a.c. voltage on the energy selecting voltage and detecting the output of
the electron multiplier synchronously by a lock-in amplifier. Figure 2.7(b) shows the direct Auger
spectra consisting of secondary, Auger and elastically-scattered electrons peaks. The relatively large
background contribution is addressed by adding a small amplitude high frequency ( 10 kHz) voltage
to the signal as illustrated in Fig. 2.7c. The Auger peaks are sharp compared to the background and
electronic differentiation greatly enhances the S/N ratio as depicted in Fig. 2.7(d). The position of
the elastically scattered electrons is marked in the Figures. 2.7(b) and 2.7(d).
This method is employed for average thickness determination of the epitaxial graphene. The Si
and the C Auger peaks evolve as a function of thickness. A model based on the scattering cross-
section and the relative intensity of the Si and C peaks is used for thickness estimation [55]. Carbon
in the interface is also counted towards thickness in this model. This contribution has been estimated
as 0.8-1 MLe by x-ray reflectivity measurements [92] and is subtracted from the estimated average
auger thickness. Sample Characterization and thickness estimation is described in detail in Sec. 3.2.
2.4 Raman Spectroscopy
Raman spectroscopy technique is based a subtle inelastic scattering of photons discovered by CV
Raman in 1928 for which he won Nobel prize in 1930. The results were published [190] under the
title ”A new type of secondary radiation” . Raman employed mercury arc lamp as the optical source
and monitored scattering of light from variety of different amorphous and crystalline sources. De-
velopment of this technique to be sold as a commercial package took a long time due to relatively
slow advancement in the field of optics and signal detection. The field really took of after develop-
ment and availability of lasers as a commercial package. At present there are a number of advance
flavors of Raman experimental techniques such as surface enhanced Raman spectroscopy (SERS),
hyper Raman, resonance Raman spectroscopy, spontaneous Raman spectroscopy, optical tweezer
Raman spectroscopy (OTRS), stimulated Raman spectroscopy, spatially offset Raman spectroscopy
(SORS), coherent antistokes Raman spectroscopy (CARS), Raman optical activity. These different












Figure 2.9: Polarization of an atom in an external electric field. (a) Electron cloud is uniformly
distributed around the positively charged nucleus in the absence of external electric field. (b) Dis-
tortion of the electron cloud under an external electric field (E). The induced dipole moment P is
proportional to the external electric field.
2.4.1 Theory of Raman Spectroscopy
In Raman scattering a small fraction (1 in 106−7) of the impinging photons from the light source
(lasers etc.) inelastically scatter due to interaction with phonons of the vibrations in the lattice.
This results in the energy of the photons being red- or blue-shifted. This Raman shift provides us
information related to different phonon modes in the lattice. In red-shift mode, more commonly
referred to as the Stokes shift the photon looses its energy to the lattice after the inelastic scattering
process. On the other hand the photon gains energy in the blue-shift mode, commonly known as the
anti-Stokes shift.
In Raman scattering process the inelastically scattered photons of the light are collected col-
lected over a range of frequencies. This enables one to observe various phonon modes in the lattice.
The scattering process is dominated by the Rayleigh scattering. An analytic expression for the
scattered light can be obtained by employing classical electromagnetic theory. This will help us
better understand the light-matter interaction and its relevance to the scattering process. Incident
light(propagating EM wave) interacts with the atom in the lattice and induces an oscillating dipole
moment p in the atoms (see Fig. 2.9).The dipole p of the material is related to the electric field E
of the incident light by polarizability α (Equation xxx) which characterizes the polarization of an
individual atom or molecule. The total polarizability α is the sum of the electronic (αe), ionic (αi)
and dipolar (αd) polar (Equation. 2.14) contribution.
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p = αE (2.13)
α = αe + αi + αd (2.14)
Where,
Ei = Eo(ωit) (2.15)
In crystal lattice the atoms are constantly vibrating in and out of their equilibrium position due
to thermal excitation. We can therefore expand the polarizability (α) using Taylor expansion series.










Q jQk + ..... (2.16)
Where Q j are the normal vibrational modes of the lattice. We will retain only the first order term
from the above expression. On assuming harmonic motion, the lattice vibrates at a certain phonon
frequency.
Q j = Qoj cos(ω jt) (2.17)
Where ω j is the frequency of the jth vibrational mode.
Combining Equation (2.1),(2.3)-(2.4) and retaining the first two terms of the polarizability ex-
pression.








Equation xxx represents an expression for the scattered light E f that consists of Rayleigh and
Raman scattering terms. The first term is the elastic or the Rayleigh scattering contribution. It is
oscillating with the same frequency as the incident radiation. The next two terms (ωi +ω j), (ωi−ω j)
represent the anti-Stokes and the Stokes Raman shift respectively. They represent the coupling of the
incident light with the first resonance Raman mode of the lattice. Raman scattered photons energy
shift depends on the vibrational state under study. In crystals only the phonons with a change in
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Figure 2.10: Illustration of different energy transition processes. Raman scattering can occur as
Stokes or Anti-Stokes process.






, 0 where, eq is the equilibrium position and x is the
normal coordinate. In graphene carbon-carbon double bonds with delocalized electrons are strong
Raman scatterers. In the presence of an external electric field the electron cloud cover is easily
distorted. The bending and stretching of bonds greatly modifies the electron distribution thereby
inducing a substantial change in the polarizability α.
2.4.2 Instrumentation
The first Raman instrument was developed in 1928 [190]. In the experimental setup sunlight was
passed through a telescope to obtain high intensity light source. This was then passed through a
monochromatic filter and the human eye was the detector. Raman instrumentation has evolved a
lot since the first experiments. First it was the use of mercury arc lamps and later the field really
took off with the development of lasers, computers, rayleigh filters and detectors (like CCD’s).
These improvements enables one to obtain spectra relatively quickly with greatly enhanced signal to
noise ratio with reliability.A dispersive raman setup has been successfully used in studying graphite
based system because of its ability to select optimal wavelength to get best Raman information.
Figure 2.11 shows essential components of a typical dispersive Raman setup. These are an optical




















Figure 2.11: A schematic of a typical Raman spectrometer. The setup mainly consists of an optical
microscope, Rayleigh filter, CCD detector, slit, excitation laser, spatial filter and diffraction gratings.
A monochromatic light beam is generated by the laser cavity. The power of the light beam is
controlled by the rejection filter. Power of the incoming light plays an important role as it is directly
related to counts and the signal-to-noise ratio of the Raman spectra. This beam is then focussed
with spatial filters which removes higher order spatial modes. The focussed beam is then directed
towards the microscope which has an objective lens for focussing the light on the sample. After
scattering the inelastic and the elastic radiations are captured by the objective. Raman scattering
process is nearly a million times less intense than the elastic Rayleigh scattering. This elastically
scattered component is removed by holographic filters. This is followed by slit lenses setup that
consists of a pre-slit lens, adjustable lens and a post-slit lens. The pre-slit lens focuses the image
on the adjustable lens that determines the resolution of the Raman system. The Raman is then
collimated by the post-slit lens and passed through the diffraction grating which resolves discrete
wavelengths. The signal is then collected via a CCD camera. The spectral resolution of the setup is
governed by the slit width and is a product of slit width and the dispersion.
CCD detectors are made up of photosensitive material and acts as a shift register to hold and
transport analog signals controlled by external clock signals. The photoactive region is an epitaxially
grown doped (p+) Si on p++ doped substrate. The CCD cameras used in Raman setups have a typical
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Figure 2.12: Reinshaw RF1000 Raman spectrometer at School of Materials Science and Engineer-
ing, Georgia Tech.
size of 22 µm. CCD’s have a high quantum efficiency i.e. the ability to convert incident photons
into photoelectrons. The allows usage of low power settings and provides high signal-to-noise ratio.
The dispersed beam has vertical spread across horizontal line of pixels. These are summed/binned
to integrate each signal. Finite size of the CCD has an impact on the spectral range/resolution. The
size of image, focussed on the CCD can be proportional to the slit width. The resolution of the




GROWTH IN ULTRA HIGH VACUUM
In this chapter I will discuss graphene growth on the 6H-SiC(0001) under UHV conditions. In this
thesis research more than 50 different H2 etched SiC(0001) samples were graphitized under UHV
environment. Almost all of the samples were characterized by Auger electron spectroscopy (AES)
and low energy electron diffraction (LEED) and more than half were studied with scanning tunnel-
ing microscopy (STM) after graphitization. The samples were grown under varying conditions of
temperature, pressure and annealing time.
3.1 Sample Preparation
In this section graphene growth is investigated for the samples grown on the Si- face of the bipolar
SiC crystal in ultra-high vacuum (UHV). The 6H-SiC polytype was purchased from Cree, Inc. [6]
for graphene growth. The 3” wafer was diced into smaller samples of size 3 mm × 4 mm at the clean
room facilities of Microelectronics Research Center (MiRC) at Georgia Tech. The 6H-SiC samples
are doped n-type with a resistivity of 0.05 Ω-cm, in order to have sufficient conductivity for STM
measurements. The wafer in its native form has a lot of defects and scratches (∼10 nm deep) due
to mechanical polishing (see Fig. 3.1(a)). This not an ideal template for graphene growth. It has
been shown that the H2 etching process can remove scratches from SiC surface [36, 48, 61, 85, 86,
174, 223, 224]. Prior to H2 etching the samples are ultrasonically cleansed in sequential baths of
ethanol and acetone for 10-15 minute each. The SiC samples are then heated in a home built RF
furnace in an atmosphere of 5% H2 and 95% Ar to 1300-1650 ◦C . Figure 3.1 shows the changes
in the morphology of SiC from H2 etching process at different temperatures. The process ends with
an array of atomically flat terraces (see Fig. 3.1(d)) separated by 7.5 or 15 Å steps corresponding to
half unit cell and unit cell height of 6H-SiC. The width of the terraces is determined by the miscut
angle of the wafer. Although H2 etched samples provide an ideal template for graphene growth
there is an intrinsic problem of oxides on the sample after transfer through atmosphere [26, 27].
These can typically be removed by heating the samples under UHV environment to 1000-1100 ◦C.
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Figure 3.1: AFM images of progression of the surface morphology as a function of temperature
during the H2 etching process of 6H-SiC. (a) 5 µm × 5 µm AFM image showing scratches on the
SiC wafer due to polishing process of the manufacturer. (b) and (c) show smoother topography
during the H2 process at 1350 and 1400 ◦C, respectively. (d) A stepped (7.5 or 15 Å) array of SiC
terraces after H2 etching. Terrace width is determined by the miscut of the wafer.
The Si-face is identified by cutting away a small piece of SiC from the bottom left corner with a
diamond scribe prior to H2 etching.
These samples are mounted on a molybdenum sample holder (see Fig. 3.2(a)) with a hole in the
center for direct exposure to the electron-beam heater. Figure 3.2(a) shows a SiC sample supported
by tantalum tabs at the bottom (A) and secured with spot welded tabs (B) at two diagonally opposite
corners. The samples are transferred into the RT system via a load-lock setup that can accommodate
two samples and four STM tips. This section is pumped down to a pressure of < 1 × 10−8 Torr
with a turbomolecular pump. At this stage, the load-lock valve is opened, and the samples along
with the tips are transferred into the chamber by an magnetically coupled translation stage. In
situ manipulation of the samples and the tips is done via customized wobble sticks located at two
opposite ends of the chamber (load-lock/STM) . The jaws of the wobble stick lock around the ball
shaped end (C) of the molybdenum sample holder. The sample is next transferred either to the
sample manipulator (see Fig. 3.2(b)), or the sample parking carousel. The sample manipulator is
capable of motion in the three translational directions, and one rotational direction. An electron
beam heater is mounted at the end of the manipulator for sample preparation and thermal cleaning.
A hole in the center (D) and the conical shield (E)(see Fig. 3.2(b)) ensures that majority of the
electrons are collected by the sample.
Samples placed on the manipulator are graphitized by heating them to a temperature above
37
Figure 3.2: (a) Sample is mounted on molybdenum sample holder with tantalum tabs. The ball
shaped end is useful for in situ manipulation of the sample with a wobble stick. (b) Electron beam
equipped sample manipulator (end view).
1250 ◦C by electron bombardment. The temperatures are slowly ramped up to the desired final
temperature in steps. Temperatures are held constant at predetermined values corresponding to dif-
ferent phases (discussed in Sec. 3.2) for approximately 5 minutes. Graphene films begin to form
near 1250 ◦C. Under UHV conditions, at such temperatures the Si desorbs leaving behind C atoms
that rearrange naturally to form graphene films. The thickness of the graphene films is varied by
changing the final annealing temperature and (to a lesser degree) time. The final annealing tem-
perature is kept below 1450 ◦C to prevent formation of a eutectic between the SiC and Mo sample
holder. A Thermionics power supply generates the necessary filament current and the high voltage.
The power settings during operation depend on the desired temperature during the graphitization
process. The filament (W, 0.008”) was typically operated at 4.5-5.2 A and the high-voltage between
the filament and the sample was varied from 0.3-0.75 kV to achieve the desired emission current and
total power. Temperature is measured via an optical pyrometer at the corner of the sample above
the tantalum tab.
3.2 Thickness Measurement and Initial Characterization
Prior to graphitization, the H2-etched SiC samples are characterized by Auger electron spectroscopy
(AES) and low energy electron diffraction (LEED). The H2-etched SiC samples have a natural




3)R30◦ LEED spots were seen on most
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Figure 3.3: Auger spectra of four different thickness (see Fig.) samples. Changes in the spec-
tral shape and intensity are seen for C(1s) and the Si(2p) as a function of thickness. Inset shows
our present understanding of the EG/SiC(0001) material system along with our Auger attenuation
model. In this system, an interface exists sandwiched between overlying graphene layers and the
SiC substrate.
of the samples prior to heating. Starke et al [201] suggested that this monolayer coverage of oxide
layer exists as S i2O3 on SiC(0001). In my experiments the oxide layer was found to be stable upto
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1050 ◦C, which was confirmed by AES.
Initial characterization of the samples after graphitization is done via AES and LEED. Figure 3.3
shows the Auger spectra for four different thickness EG/SiC(0001) samples and a schematic of our
present understanding of this system, to be discussed further in Chapter. 5 Changes are observed in
the shapes of the Auger spectra, and in the relative intensities of the Si(2p) and C(1s) features as a
function of annealing temperature. The Si and C peaks are observed at 92 and 272 eV, respectively.
The effective thickness of the EG film is estimated using an attenuation model of the Si:C Auger
intensities [55, 127]. The model incorporates only depth-dependent changes in the density of C
and Si atoms; it is insensitive to details of the in-plane atomic arrangements at any depth. Several
studies suggest that the interface could be carbon rich [63, 92, 100, 229] with silicon adatoms [92,
197]. Consequently, the model overestimates the EG thickness since the carbon in the interface
region contributes to the overall thickness (∼1 MLe). The film thicknesses reported in this thesis are
graphene-equivalent monolayers (MLe) that include the contribution from the interface layer, which
will be shown to contain 0.8-1 MLe of carbon (Chapter. 6).
LEED is routinely used as tool for quick characterization of EG/SiC(0001) samples. The qual-
ity of the sample is gauged by the sharpness of the LEED spots and the background diffuse. Fig-
ure 3.4(b) shows a LEED pattern of a 2.7 MLe sample. In addition to the graphene (green arrows)




3)R30◦ diffraction spots are indicated in the image by blue
arrows. Also evident in this figure is the epitaxial registry of the graphene lattice relative to un-
derlying SiC substrate. There exists several commensurate SiC unit cell structures with different





surate unit cell, graphene lattice can overlay with 30◦ and ±2.2◦ rotations relative to SiC[1010]
direction with a strain of 0.15% [90]. In my experiments EG on Si-face the 6
√
3 reconstruction was
always found to exhibit a rotation of 30◦ relative to the [1010] direction of SiC, in agreement with
previous work [70, 176, 210].
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Temperature (◦C) Reconstruction (with respect to SiC) Si flux Reference











∼850 (3×3) Yes [71, 102, 125]





3)R30◦ Both [71, 210]
>1150 (5×5) Both [191]
Table 3.1: Various reconstructed phases (in Wood’s notation) observed on SiC(0001) prior to
graphitization.
3.3 Surface Reconstructions of SiC(0001)
SiC goes thorough several different reconstruction phases prior to graphitization (Table. 3.1 for a list
of SiC reconstructions). The graphitization of hexagonal SiC crystals was first studied by vanBom-
mel et al [210] in 1975. They investigated the reconstruction phases of SiC from 250-1500 ◦C with
LEED and AES. They found a carbon rich surface on SiC with varying reconstructions phases be-









reconstruction at 800 ◦C and graphite spots (1×1) at 1500 ◦C. They also observed a transition of the
C peak in the Auger spectra from carbide-like to graphite-like at temperatures above 800 ◦C.
In several studies that followed vanBommel’s work, external Si flux was used to compensate





3)R30◦ reconstruction is seen [71, 102, 125] on heating the samples to temperatures above
900 ◦C. This surface reconstruction is believed to be Si depleted [125]. A Si flux deposition at
850 ◦C results in a Si-rich (3×3) reconstruction, which has been observed in LEED [102] and
STM [125] measurements. Li et al [125] found several other intermediate phases with STM that









3)R30◦ reconstruction. This reconstruction trans-
forms to (3×3) with more Si deposition. On further depositing Si, a (7×7) Si-rich reconstruction
phase is observed.










Figure 3.4: Terminology in epitaxial graphene. (a) High resolution (120 Å × 120 Å) image show-





3)R30◦(white diamond) is due to graphene lattice blanketing over interfacial features.
The quasi period of (6×6) is represented by yellow diamond. Inset shows the trigonal lattice with
every other atom represented by graphene lattice vectors a1 and a2. The hexagon represents ap-
proximately the location of A and B atoms. (b) Grayscale LEED image of the sample at 92 eV




3)R30◦ (blue arrows) spots.




3)R30◦ are seen upto 1150 ◦C




3)R30◦ phase is seen. In my experiments, in the ab-








3)R30◦ reconstruction phases prior
to graphitization at temperatures similar to the ones listed aboves.
3.4 Graphene Terminology
Figure 3.4(b) shows a high resolution image of layer-2 (layer 2 in Fig. 3.3) epitaxial graphene.
Along with graphene which is imaged as a trigonal lattice, a bigger period of (6×6) periodicity
(yellow diamond) is observed superimposed on the lattice. This is due to the draping of the graphene





3) as can be shown in the LEED pattern of Fig. 3.4(b). The LEED reciprocal space map
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Figure 3.5: EG growth on SiC(0001) under UHV environment. (a) 3000 Å × 3000 Å image of a
UHV grown EG on SiC(0001) showing a topography dominated by SiC steps, smaller domains and
pits extending to the substrate (-3 V, 100 pA). Layers 0 (red), 1 (yellow) and 2 (blue) are identified
based on roughness (b) 1.2 MLe sample prepared by flash-annealing to 1200 for 10s. The 3 µm
× 3 µm shows high density of pits at early stages of growth (-3 V, 100 pA).(c) 1.5 µm × 1.5 µm
magnified image of black boxed region in (b) (-3 V, 100 pA).
taken at 92 eV shows the graphene (green arrows), SiC (red arrows) and 6
√
3 (blue arrows) satellite
spots. Previously 6
√
3 superperiod was believed to be caused by a Moiŕe effect [71]. The (6×6)
quasi unit cell (yellow diamond) is often used to address the superperiod seen in the EG lattice. Inset
in Fig. 3.4(a) shows the trigonal lattice where every other atom is imaged. The hexagon represents
the location of the A (grey) and the B (blue) atoms. The graphene lattice vectors are represented by
−→a1 and −→a2.
3.5 Growth in UHV
Epitaxial growth of graphene films on SiC(0001) has been experimentally investigated [45, 71,
100, 135, 176, 210] for decades. The density of carbon atoms in three SiC bilayers is 3.67 × 1015
atoms/cm2 compared to 3.8 × 1015 atoms/cm2 in a graphene layer. Therefore, ∼3.14 SiC bilayers
produces enough carbon atoms for the formation of graphene honeycomb lattice. Heating SiC(0001)
in UHV environment to temperatures above 1200 ◦C results in desorption of Si atoms from the sur-
face. This creates a carbon rich environment and at such elevated temperatures diffusing species can
nucleate effectively at the low energy sites, but the details of this process are unknown. Graphene
has been shown to grow on both Si- and C-face of SiC. However, there are some fundamental dif-
ferences in the growth process due to difference in stacking of Si and the C atoms on the two faces.
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On the Si-face graphene growth is considerably slower compared to the C-face and mostly depends
on the annealing temperature. On the other hand growth on the C-face is a function of both the
annealing temperature and time.
Figure 3.5(a) shows a 3000 Å× 3000 Å topograph of a typical UHV grown sample on SiC(0001).
The sample is 2.5 MLe thick. The topography is dominated by SiC steps, smaller domains with
complex geometrical structures, and deep pits. Even though the topmost graphene layer always ap-
pears continuous in high resolution STM imaging, substrate steps apparently seed many transitions
in graphene layer thickness. As seen previously (Fig. 3.1), H2 etching process results in an array
of large (∼1-2 µm) regularly spaced terraces. However, a substantial amount of SiC roughening
takes place during the growth as evident in the image and terraces are observed to be much smaller.
In Fig. 3.5(a) different layers can be identified based on roughness, namely: layer 0 (red), layer 1
(yellow) and layer 2 (blue). This roughness is due to the blanketing effect of the graphene lattice
over the interface states seen in layer 0, and it decreases with subsequent layers. The electronic and
structural properties of these layers along with some other unique properties are discussed in detail
in Chapter 5.
Pit formation in the SiC substrate takes place in the early stages of graphene growth [87], which
creates a high density of steps where graphene may nucleate. Figure 3.5(b) shows a large 3 µm ×
3 µm survey scan of a 1.2 MLe sample with a high density of pits. The sample was prepared by
flash-annealing to 1200 ◦C for 10 s. As mentioned previously, the Auger attenuation model counts
the carbon in the interface (∼1 MLe) towards thickness. Therefore the sample has nearly 0.2 MLe




3)R30◦ reconstructed SiC). It has
been suggested that growth starts locally at random locations on the step edges and the terraces
remain intact [87]. Similar behavior can also be observed in Fig. 3.5(c) which is a magnified image
(1.5 µm × 1.5 µm) of the region enclosed by the black box in Fig. 3.5(b). It is possible that as the




3)R30◦ films. If the
growth is continued then the steps below will start decaying, leading to pit formation. Island-like
features are also observed in Fig. 3.5(c) which suggests that carbon can diffuse freely on the terraces.
Some particle like features can also be seen in the image. Their origin and role during the graphene
growth could not be established. Hannon et al [87] studied graphene growth on SiC(0001) with low
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energy electron microscopy (LEEM). They found that pit formation takes place at low temperatures
(∼1140 ◦C) during the growth. They discovered two primary factors that lead to formation of pits,
which are: (1) The relative stability of the interface layer in a SiC environment, and (2) The SiC
steps get pinned at the interface layer domains. The decomposition of the SiC surface takes place
at the steps which causes the steps to retract around the interface layer. They also found that on
annealing the sample to a higher temperature (∼1200 ◦C) graphene nucleates in these pits due to a
high density of steps.
During the growth the Si released at the interface can either diffuse out laterally or through the
graphene films to the vacuum [132]. In my STM measurements I have identified locations that
could potentially act as a ”venting” site for Si. Fig. 3.6(a) shows a 1050 Å × 1050 Å a region
of layer 0 (bottom right) in the middle of a layer 1 terrace. The sample has a low coverage with
a thickness of 1.8 MLe. On careful inspection (see inset), it can be observed that a ”tear” (white
arrow) runs through the graphene, passing through the region of layer 0. This suggests a possible
growth mechanism where individual graphene sheets come together to form bigger films at elevated
temperatures. Such regions of discontinuity in the middle of the terraces were not seen on the
thicker samples that were annealed to higher temperatures (>1300 ◦C). These voids of layer 0
could act as venting sites for the Si released at the interface during growth. The carbon that remains
behind could connect to the larger graphene sheets, thereby closing the gap at elevated temperatures.
Figure 3.6(b) shows a high resolution magnified image (230 Å × 200 Å) of the layer 0/layer 1 region
in (a) (red arrow). In layer 0, trigonal features are observed (green circle), which are thought to be
due to pyramidal ”tetramers” of Si or C/Si (see Chapter 5). Furthermore, in this empty states image
acquired at +1 V, layer 1 does not image as a honeycomb lattice. At high bias (see Chapter 5),
graphene becomes transparent and interfacial features (orange circle) similar to the ones observed
in layer 0 are seen. This electronic effect is due to partial hybridization of SiC dangling bonds with
graphene bands [197].
Another potentially interesting region in (a) (blue arrow) is magnified and shown in Fig. 3.6(c).
A (5×5) reconstruction (black diamond) is observed within this island. This reconstruction exists in
the form of cluster-like species with varying number of atoms. In my STM studies, I have observed






Figure 3.6: (a) 1050 Å × 1050 Å image of 1.8 MLe thick sample (1 V, 100 pA). The image shows
island-like features (blue arrow) and a layer 0 (red arrow) patch on layer 1 terrace. Inset is a mag-
nified image (120 Å × 120 Å) of white boxed region in (a) showing a tear (white arrow) in layer 1
graphene. (b) 230 Å × 200 Å high resolution image showing interfacial features in layer 0 (green
circle) and layer 1 (orange circle) (1 V, 100 pA). Interfacial features are imaged through layer 1 at
high bias (see Sec. 5.1.2). (c) Magnified image (160 Å × 130 Å) of the island in (a) (blue arrow)
showing (5×5) reconstructed clusters (black diamond) with varying number of atoms (1 V, 100 pA).
(5×5) islands were found to be even less common than patches of (5×5) regions. I believe the




3)R30◦ caused due to some local strain related
perturbation during the growth. In Fig. 3.6(a) the (5×5) island is observed to lie close to a patch of
layer 0, suggesting that it became stable near the layer 0 site with out undergoing any further phase
change. This reconstruction has been reported by other groups [176, 191]. Owman et al [176]
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Figure 3.7: Electronic properties of layer 1 graphene islands is dominated by SiC substrate. (a)
1500 Å × 1500 Å gradient enhanced image showing layer 1 (red box) and layer 2 (white arrow)
graphene islands in layer 0 (1 V, 100 pA). Different layers are identified by the roughness of the
terraces. (b) High resolution 200 Å × 200 Å image of graphene island shows trigonal interface
features and graphene lattice at 0.2 V bias (100 pA), where typically only the graphene lattice is
imaged. Set of two red and two black arrows in the top left represents the armchair and zigzag
direction respectively. Seven armchair edges (small red arrow) and one zigzag edge (small black
arrow) are seen in this island. Scattering (blue arrow) is seen at step edges.
suggested that the (5×5) reconstruction is related to an incommensurate layer which gets separated
into small subunits to relieve strain due to lattice mismatch. Riedl et al [191] studied the (5×5)
reconstruction in detail under varying initial conditions prior to growth. Their work suggests that
the relative coverage of (5×5) reconstruction depends on the initial treatment of the SiC surface with
Si-flux.
In Fig. 3.5(a), we saw the topography in EG is dominated by step edges and domains of varying
shape. A high density of steps suggests that the graphene growth may take place at the step edges.
In my measurements, I have also observed graphene islands near the step edges and on the terraces.
The relative population of the islands was found to be far less then step edges. Figure 3.7 shows a
gradient enhanced image (1500 Å × 1500 Å) of a 1.8 MLe thick sample. In this image, the gradient
enhancement technique is particularly useful for identification of different layers and features based
on roughness. To help in visualizing the roughness, I have identified the three layers 0, 1 and 2 on
the basis of their texture. The image also shows two graphene islands on a layer 0 terrace. One
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island is located near the step edge and the other island is in the middle of the terrace. This suggests
that graphene islands can freely diffuse on the terrace. The smaller island identified by the white
arrow is a layer 2 island. The bigger layer 1 island (red box) located near the step edge shows some
interesting effects. This island is 180 Å wide and has a step height of ∼2.8 Å.
The magnified high resolution (200 Å × 200 Å) image of the island is shown in Figure 3.7(b).
It can easily be seen that the step edges of this island follows the direction of SiC reconstruction
(blue lines). The angle between the blue lines is 120◦. A set of two red and two black arrows in
the top left corner of the figure represent the directions of the armchair and zigzag edges, respec-
tively. In this image, we can identify seven armchair edges and one zigzag edge represented by
small red and black arrows, respectively. Even at a low bias of 0.2 V where usually graphene is
imaged (see Sec. 5.1.2), some interfacial features are visible indicating that the imaging in layer 1
graphene islands is dominated by SiC. The interface structure is imaged as trigonal features under
RT conditions. A significant amount of scattering (blue arrow) is observed at the step edge indicat-
ing termination of graphene at the step edges [109–111]. High resolution images of the step edges




3)R30◦ scattering pattern. The free edges of the graphene islands
may be bonded (covalent) to the substrate dangling bonds in a unique way.
In my STM studies, I found that the quality of a sample invariably depends on the background
pressure during UHV growth. A higher value of the background pressure adversely affects the
quality of the sample. Figure 3.8 shows 3000 Å × 3000 Å survey scans of three EG samples prepared
from a common wafer. The samples were H2 etched and cleaned in ultrasonic baths of acetone and
ethanol prior to graphitization. During the graphitization of the sample imaged in Fig. 3.8(a), the
background pressure rose to 8 × 10−8 Torr. It can observed that the sample has lot of defects and
non-uniformity in the layer distribution. Also evident in the image is an unusually large number of
island-like features. I found that if the background pressure is kept in control then the quality of the
sample can be improved. This is evident in Fig. 3.8(b) and (c), where bigger terraces are observed.
To ensure that the background pressure does not exceed a certain limit, care was taken to ensure
that all the components that are heated are properly outgassed. This includes the sample heater,
molybdenum sample holder and the tantalum tabs that hold the sample in place. Cryo-pumping
was employed by filling the titanium sublimation pump (TSP) with liquid N2 . Attempts were also
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Figure 3.8: Background pressure in the UHV chamber during graphitization affects the quality of
the sample. Three different samples shown in (a), (b) and (c) had a backgound pressure of 8 × 10−8,
2 × 10−8 and 8 × 10−9 Torr, respectively during growth. Images (a), (b) and (c) were acquired at a
bias voltage of -3, -4 and -3 V respectively, at a tunneling current of 100 pA
made to outgass samples prior to graphitization at lower annealing temperatures of 800 ◦C for
several hours. Some attempts were made to improve the sample quality by depositing Si flux on
the sample both prior to and during the graphitization. No discernable improvement however was
observed in the quality of the samples using this process. In better quality samples a maximum
terrace width of ∼1000 Å was observed. As discussed previously, substantial amount of substrate
roughening takes place during the growth, which may set an upper limit on the size of the terraces.
LEEM measurements have reported similar results [87, 96, 172]. Some groups have also employed
cryogenic techniques to keep the outgassing pressure in check during growth.
3.6 Conclusions
In this chapter I discussed the UHV graphene growth on 6H-SiC(0001). I showed that graphene
growth in UHV results in a complex topography, with smaller domains and pits, due to substantial
amount of substrate roughening. I also showed with STM imaging of low coverage samples, that
the growth might possibly begin at step edges, at random locations. Si during growth, may diffuse
out laterally or through the graphene films [132]. I showed locations of discontinuity (patches of
layer 0 on a layer 1 terrace) in graphene coverage on terraces, that may act as ”venting sites” for Si.
I also suggested, a growth mechanism where bigger graphene sheets might come together at these
locations at elevated temperatures, resulting in a uniform coverage. Graphene islands in the middle
of the terrace and step edges were showed. This suggested free diffusion of carbon on the terraces. I
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showed that electronic properties of layer 1 islands in layer 0 are dominated by SiC reconstruction.
I also showed that armchair termination is the preferred edge configuration in these islands. I also
discussed the role of background pressure during growth. I showed that a high background pressure
during growth adversely affects the quality of the sample.
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CHAPTER IV
NEW GROWTH METHOD: LOW-VACUUM FURNACE GROWTH
UHV grown graphene on the Si-face of SiC was the first attempt to explore an epitaxial method
to grow graphene. While being far from perfect, experiments done on this material system have
produced some promising results [25, 55, 198, 229]. These samples suffer from smaller domains,
fluctuations in layer distribution and a relatively high density of in-plane atomic scale defects [196].
These defects are scattering centers that slow down ballistic electrons by acting as ”speed bumps” [196].
Transport measurements done on the Si-face have not produced high mobilities (1200 cm2V−1s−1),
although Subnikov deHass [25] oscillations were observed. This has prompted researchers to im-
prove production methods for growing better quality graphene films. Some of this work includes
growing graphene under different environmental conditions [62]. As explored in the previous Chap-
ter, experimental conditions during the growth affects the quality of the samples. In the work de-
scribed in this chapter, a new growth method is explored to improve the quality of the graphene
films on SiC (0001). In this method, H2 etched SiC samples are first graphitized in an RF-induction
furnace. This is the starting template for graphene growth. These templates are further graphitized
in UHV for thicker growth and for removal of carbon-based amorphous species observed via STM.
The samples were found to be of superior quality with bigger domains and low defect density as
compared to the UHV grown samples.
4.1 Sample Preparation
The samples are prepared on high purity semi-insulating 4H-SiC(0001) polytype purchased from
Cree, Inc. [6]. After the H2 etching process (Sec. 3.1) the graphitization is carried out in a home-
built radio frequency (RF) induction furnace (see Fig. 4.1(a)) [128]. In an induction furnace, a given
material (typically a metal in a crucible) is heated by eddy currents that are produced due to varying
electromagnetic (EM) field in the primary coil. In a conventional circuit, these eddy currents are
undesirable, but in induction furnace they are of utmost importance and care is taken to maximize
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Figure 4.1: (a) An image of low vacuum ( 10−6 Torr) graphite RF induction furnace for epitaxial
graphene (EG) growth. (b) AFM survey image (10 µm × 10 µm) shows unique topography of
graphene grown on 4H-SiC(0001). The sample (#7H6) was annealed to a final temperature of 1550
◦C during graphitization. The topography observed here is dominated by SiC steps and tiger stripe
like patterns arranged perpendicular to graphene terraces.
them. An induction furnace offers many advantages over the conventional heating processes, in-
cluding localized heating and rapid heating rates. The RF furnace designed by Dr. deHeer’s group
at Georgia Tech., is highly customized for graphene growth. The setup consists of a copper primary
coil, AC power supply for generating varying EM field, a sample stage housed inside a ceramic
tubing and a quartz shield. The furnace is operated under a low vacuum environment of 10−6-10−5
Torr and during growth, the pressure is in the range of ∼ 10−4 Torr. The power supply generates an
AC current for the primary coil, in the low RF (30-300 kHz) range. After the samples are loaded
manually in the furnace, the graphitization process itself is fully automated via a LabView virtual
instrument. For more details about the experimental parameters and furnace design, please refer to
Ph.D. thesis work of Dr. Xuebin Li [128]. The furnace produces high quality graphene films on both
faces of bipolar SiC. This work however is focused on graphene on the Si-face. Graphitization on
Si-face in an induction furnace typically takes place at temperatures above 1350 ◦C. No significant
changes are observed in the surface morphology of SiC for temperatures below 1300 ◦C.
The samples were transferred through air into RTUHV chamber for further characterization
52
Figure 4.2: AFM images of the difference in the morphology at different location on the sample due
to a thermal gradient. (a) 10 µm × 10 µm image shows bigger terraces in the top part of the sample
compared to the terraces in the center as shown in (b). (c) Bottom part does not show tiger stripes
suggesting a different morphology.
(AES, LEED and STM). AES measurement prior to annealing showed a small oxygen peak (IO/IC <
0.1) depending on the time it was exposed to air. Some of these graphitized templates were heated
in the RTUHV system to graphitization temperatures to get rid of the observed amorphous features
after characterization. Growth in low vacuum environment in the induction furnace also resulted in
some nanocap like features along with other amorphous carbon species (discussed in Sec. 4.2).
4.2 Furnace Grown Si-face Samples
Graphene growth under UHV conditions is expected to be different from graphene growth through
low vacuum furnace. For understanding graphene growth, it is important to study the environment,
and outgassing properties of different components in the low vacuum furnace. This would highlight
the role of intermediate compounds and catalytic species generated under such conditions. Under
UHV conditions, the Si which desorbs from the sample, gets lost to the vacuum. Consequently,
the growth takes place at a lower temperature (∼1200 ◦C) in a Si depleted environment. At such
temperatures, the graphene islands that are formed do not have enough energy to diffuse and thereby
combine with other islands resulting in a sample that has smaller domains and more defects. Silicon
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has a higher vapor pressure in a furnace environment, as compared to a UHV environment. Fur-
thermore, under low vacuum conditions ( 10−4 Torr), there is a significant amount of background
pressure in the furnace, which makes it difficult for the Si atoms to desorb. The Si atoms come off
at a slower rate and their supply keeps getting replenished as the atoms bounce back from the walls,
as well as the other heavier species present in the background pressure. This can be envisioned
as a gradient in the Si flux away from sample. This enables the growth to take place at a higher
temperature. Studies show that better quality graphite films can be grown by high temperature an-
nealing. Cancado et al [39] studied the progression in the quality of graphite samples as a function
of annealing temperature (1800-2700 ◦C), which were heated in an electrical furnace. Their STM
and x-ray measurement results showed a significant improvement in the quality and average domain
size for samples that were heated to a higher temperature.
Under low vacuum conditions, several different process are possible, depending on the partial
pressure of O2. It is important to note that for effective graphitization, the SiC surface has to be
protected from the oxidation process. Presence of a Si rich environment could prevent SiC surface
from O2 etching. Gulbrans et al [83] studied oxidation of SiC at different partial pressure of O2.
They observed a weight loss of the sample at low O2 pressure combined with high temperature. This
is called active oxidation.In this reaction, SiO and CO species are released in this reaction. Whereas
at high O2 pressure a weight gain was observed due to the formation of a protective S iO2 film along
with release of CO. Different mechanisms have been discussed in the review article by Harris et
al [89] which was focused on production trends in oxide layer growth on SiC. The degree of O2
pressure during high temperature heating, determines the formation of S iO2 layer that protects the
surface or material loss due to O2 etching.
Kusunoki’s group [19, 115–117, 137] have studied low vacuum ( 10−4 Torr) high temperature
annealing of both faces of SiC. They observed formation of graphite films on the Si-face(0001) [116]
and carbon nanotubes on the C-face(0001). The growth was carried out in a custom designed electric
resistance carbon heater. The Si-face samples were heated to temperatures of 1350 and 1700 ◦C for
half an hour. The cross-sectional high resolution transmission electron micrscopy (HRTEM) studies
at low temperature suggests a three-layer collapse mechanism similar to the conclusions drawn in an
earlier work [210]. On the C-face however raised nanocaps (3-5 nm in diameter, 3-5 nm in height)
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in graphene films were observed at 1300 ◦C. These were explained by formation of SiO bubbles on
the SiC surface due the reaction of O2 with SiC:
S iC + 12 O2 → S iO + C. [117]
With further increase in temperature the graphite films start to stand up perpendicular to the
SiC plane leading to the formation of carbon nanotubes towards the interior of SiC [117]. It was
suggested that the structural differences between Si and C face may be responsible for observed
different growth mechanisms [116]. Graphene sheets on Si-face grow in a parallel fashion and
protects SiC surface from the oxidation. Clearly in our induction furnace graphene growth on both
Si and C face suggests different mechanisms mediated by the enviorment in the furnace.
Figure 4.1(b) shows an atomic force microscopy (AFM) [5] image of a furnace-grown epitaxial
graphene (EG) sample (#7H6). This sample was heated to a temperature of 1550 ◦C for graphiti-
zation. In this 10 µm × 10 µm image, the topography is dominated by SiC steps with considerably
bigger terraces as compared to UHV grown samples. Also evident in the image are raised finger-
ing features (tiger strips), aligned perpendicular to the edge of the terraces. There exists a thermal
gradient in furnace rendering the top part of the sample thicker than the bottom part. Figure 4.2
shows 10 µ ×m 10 µm AFM images acquired from three different locations on a 6H-SiC(0001)
furnace graphitized sample. This sample was heated just to grow a thin sample. AFM image from
the top part of the sample shows (see 4.2(a)) bigger terraces compared to the center 4.2(b). Tiger
stripes are also evident at these locations. Morphology of the bottom part however is observed (see
Fig.4.2(c) to be different from the top and the center. Absence of tiger stripes that seem character-
istic of furnace graphitized surfaces suggests that this part may not be graphitized. STM data in our
measurements was acquired from the center of the samples.
Figure 4.3(a) shows an STM image of a furnace grown sample (#7H6) acquired at +3 V. The
sample thickness was found to be 2.1 MLe from AES and 9.3 Å from ellipsometry data. The sample
was heated to 1100 ◦C prior to imaging for oxygen removal, which was confirmed by AES. In this
survey image (4000 Å × 4000 Å), one can observe what will be shown to be tiger stripe features (red
arrows) that are perpendicular to the terraces and terminate before the step edge. Also evident in
this image are amorphous carbon species filling up the tiger stripes, which were previously imaged
55
Figure 4.3: STM imaging of low vacuum induction furnace grown epitaxial graphene (EG) sample
on 4H-SiC(0001). The sample was cleaned by thermal annealing (1100 ◦C) prior to imaging. (a)
4000 Å × 4000 Å scan shows tiger stripe regions (red arrow) surrounded by nanocap like formation
(+3 V, 100 pA). Puckering of graphene is imaged as bright line along the step edge. (b) Magnified
image (1200 Å × 1200 Å) of the region marked in (a). The image (+3 V, 100 pA) shows amorphous
carbon species (3 Å high) inside tiger stripe features surrounded by nanocaps (12 Å high). (c) 800 Å
× 800 Å image shows valley region alongside a step edge of a terrace covered with nanocaps (+3 V,
100 pA). (d) Magnified (240 Å × 240 Å) image of region marked in (c)(green box) shows scattering
(green arrow) at the step edge (+1.2 V, 100 pA). Inset shows high resolution layer 2 graphene on
the terrace with trigonal lattice (+0.3 V, 100 pA).
as flat raised features in the AFM image (see Fig. 4.1b). The stripes are surrounded by taller amor-
phous features (nanocaps) similar to the features observed on UHV grown C-face samples ( [127]).
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Figure 4.3(b) shows zoom in (1200 Å × 1200 Å) on one of the tiger stripes (red box in Fig. 4.3(a)).
Here one can observe clear distinctions between the smaller amorphous features (blue arrow) and
nanocaps (white arrow) that are of height 3 Å and 12 Å respectively. Under low vacuum conditions,
due to significant background pressure and required elevated temperatures, different species have
enough energy to diffuse to low energy sites. Among various low energy sites for nucleation (step
edges, pits etc.), wrinkles in the graphene films also act as a low energy site for diffusing species.
Consequently, numerous carbon-based clumps get trapped in these low energy sites by forming
additional bonds in the wrinkled films, thereby lowering their energy and becoming stable. Bias
dependent imaging did not reveal any apparent changes in the amorphous features. The bright line
running along the step edge in Fig. 4.3(a) is the puckering of the graphene film at the step edge.
These puckers may be caused by thermal expansion coefficient mismatch between SiC (4.0 ×10−6
/◦C) and graphene (1.5 ×10−5 /◦C), mediated by the sharp SiC step edges. It should be pointed out
that the graphene blanket was observed to be continuous over step edges, except from a region of
layer 1 to layer 0 where continuity cannot be confirmed because the graphene structure in layer 0 is
unresolved. Another potentially interesting region is seen in the bottom right part of Fig. 4(a) where
the graphene blanket falls into a valley covered with amorphous features. A similar region (800 Å ×
800 Å)located in a different part of the sample is shown in Fig. 4.3(c). Figure 4.3(d) is a magnified
image (240 Å × 240 Å) of the green boxed region in Fig. 4.3(c). Scattering is observed at the step
edge (green arrow) and graphene film was not observed to be going over the valley regions even
at low bias, which is ideally suited for imaging graphene. It is not clear whether there is graphene
under the amorphous species; it seems to be rather predominantly covered by layer 0. The inset in
Fig. 4.3(d) shows an atomic scale image of bilayer graphene on the terrace.
4.3 Regraphitization in Ultra-high Vacuum
In the previous section (Sec. 4.2), we observed considerably larger domains on the furnace grown
samples compared to samples grown with the traditional UHV technique. These samples however
have their own intrinsic problems with amorphous carbon species littering the sample surfaces. In
my experiments, these species were found to be stable upto 1100 ◦C without any discernible change
in their structure. These samples could be used effectively as templates for further regraphitization
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Figure 4.4: STM imaging of UHV regraphitized (1280 ◦C) furnace grown template on SiC(0001).
(a) A 4 µm × 4 µm survey scan showing tiger stripes perpendicular to terraces and a topography
dominated by SiC steps (+4 V, 100 pA). (b) Magnified image (4000 Å × 4000 Å) of region marked
in (a)(blue box) showing nanocaps on terraces. Tiger stripe features (right side of (b)) with non-
uniform coverage of layer 0 and layer 1 (+4 V, 100 pA) are also seen. (c) 1200 Å × 900 Å image
(red box region in (b)) showing change in the structure of nanocaps (+1V, 100 pA). (d) A line profile
at the nanocap step edge shows a height of 3.5 Å.
in UHV.
Figure 4.4 shows the topographic features of a furnace grown sample (#7H6) annealed to a
graphitization temperature of 1280 ◦C. The sample was found to be 2.6 MLe thick from AES.
In Fig. 4.4(a) (4 µm × 4 µm), one can observe reminiscent of tiger stripe features that remain
strongly etched in the terrace even after high temperature annealing in a topography dominated by
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Figure 4.5: UHV graphitization at a higher temperature (1320 ◦C) removes nanocaps from the
terraces. (a) 1.2 µm × 1.2 µm image shows tiger stripe features etched on the terrace (+4 V, 100
pA). Amorphous nanocap features are missing from the terraces after high temperature (1320◦C)
annealing. (b) Magnified image (4000 Å × 4000 Å) of the marked (red box) region in (a)shows
non-uniform coverage of graphene in tiger stripes. Right side of (b) shows clean graphene terraces
without nanocaps (+6V, 100pA). (c) 4000 Å × 4000 Å image of a different sample annealed to 1350
◦C showing bigger terraces and uniform coverage of graphene in the tiger stripe (+1 V, 100 pA).
(d) 800 Å × 800 Å magnified image of the region marked in (c) shows a step edge and the (6×6)
period in EG (+1.0 V, 100pA). (e) High resolution magnified image (80 Å × 80 Å) of the stepedge
shows graphene to be continuous over the step edge (+0.3 V, 100pA). No scattering is observed at
this location.
SiC steps. Tiger stripes were found to be perpendicular to the graphitized terraces. Figure 4.4(b)
shows a magnified image (4000 Å × 4000 Å) of the region marked (blue box) in Fig. 4.4(a). In
59
this image, tiger stripe regions are observed to be free of the amorphous carbon species that were
present prior to graphitization (see Fig. 4.3(b)). These regions were found to contain non-uniform
patches of layer 1 graphene with voids filled with layer 0 between them. The background pressure
was high (8×10−8 Torr) during the graphitization process, and a large number of defects and non-
uniformities were found in the graphene films in this region. Nanocaps were found on narrow
terraces (Fig. 4.4(b)), and the graphitized regions alongside tiger stripes. Significant changes were
observed in the structure of nanocaps after UHV heating to 1280 ◦C.
Figure 4.4(c) shows a magnified image (1200 Å × 1200 Å) of a nanocapped region in Fig. 4.4(b)
(orange box). The valley regions (right part of Fig. 4.4(c)) were found to have graphene coverage
with defects and nanocaps. Some parts of the nanocaps were observed to have a flatter topography.
Figure 4.4(d) shows a line profile over the flat part of the nanocap with a step height of 3.5 Å,
close to graphite step of 3.35 Å. However, atomic scale measurements did not image graphene
in this region, due to non-uniformities in nanocap structure. This sample was further annealed
to a graphitization temperature of 1320 ◦C for complete removal of nanocaps and other carbon
species. The sample was found to be 3.0 MLe thick from AES with sharp LEED spots, indicating
bigger domains. Figure 4.5(a) shows a 1.2 µm × 1.2 µm survey topograph of the sample (#7H6)
regraphitized the second time. Although the tiger stripe region is still evident, the terraces now
are observed to be free of nanocaps. This is also true for the valley regions alongside the step
edges. Fig. 4.5(b) is a magnified image (4000 Å × 4000 Å) of the region marked in Fig. 4.5(a)
(red box) that shows the topography inside the tiger stripe. These regions were found to contain
non-uniform patches of layer 1 graphene that with a few layer 2 islands. These patches of layer 1
were separated by narrow canyons of layer 0. Figure 4.5(c) shows a big STM image (4000 Å ×
4000 Å) of a furnace grown sample annealed directly to a graphitization temperature of 1350 ◦C.
The background pressure during annealing was 2 × 108 Torr. The tiger stripe regions are observed
to have uniform graphene coverage. The gradient enhanced image assists in identifying different
layers based on roughness. layer 0 and layer 1 regions are indicated in the figure by white and black
arrow respectively. The region is dominated by layer 2 coverage. Figure 4.5(d) shows 800 Å × 400
Å magnified image of the green boxed region in (c). In this image of the step edge, (6×6) ( 20Å)
period is evident. The graphene on either side of the step is layer 2 as observed in Fig. 4.5(c). No
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scattering is observed at this double step suggesting the continuity of the graphene blanket over this
region. In fact graphene was found to be continuous over variety of step edges configuration except
between a layer 0 and layer 1 step. This will be discussed in detail in Sec. 5.3.
On the whole, the quality of the graphene film grown by regraphitization of furnace grown
templates is significantly better, if the background pressure is kept low during UHV growth. The
average domain size in my experiments was found to be > 300 nm. The samples also exhibited
lower defect density. Out of nearly fifty high resolution atomic scale (200 Å × 200 Å) scans on one
of the samples, only one defect was observed. This is clearly a marked improvement in the quality
of epitaxial graphene films on SiC (0001).
4.4 Conclusions
In this chapter I discussed a new method to grow graphene films on SiC(0001). I showed that
graphene samples grown in low vacuum induction furnace have considerably bigger (300 nm) do-
mains and lower defect density as compared to UHV grown samples. I discussed how the environ-
ment in the furnace might play an important role in the growth mechanism. AFM images showed
unique raised fingering features (tiger stripes) emanating from the step and aligned perpendicu-
lar to terraces. With high resolution STM imaging, I showed that the tiger stripes are filled with
amorphous carbon based species (∼3 Å high) in contrast with the AFM imaging. The tiger stripes
were ”necklaced” and surrounded with nanocap (∼12 Å high) like features. The terraces found to
have a partial coverage of nanocaps. I discussed how wrinkles in the graphene films during growth
may act as a low energy site for amorphous species. Clearly a an understanding of the origin and
composition of these amorphous species is lacking.
The graphene sheets were found to be discontinuous over the the tiger stripe regions. The
nanocaps and amorphous species in the tiger stripes were stable upto 1100 ◦C after thermal cleaning
for STM. An attempt was made to thermally clean the sample to remove nanocaps and amorphous
species in the tiger stripes. Heating the sample up to 1280 ◦C removed the amorphous species in
the tiger stripes, which was also found to be covered with non-uniform patches of layer 1 graphene
surrounded by voids of layer 0 (interface). The structure of the nanocaps was found to be different
after heating with some parts of it having a flatter (∼3.5 Å step) topography. After heating the
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samples to 1320 ◦C the samples were found to be free of nanocaps and other amorphous species.
The graphene was found to be continuous over the steps. Heating the samples directly to even higher
temperatures (∼1350 ◦C) filled up the tiger stripe regions with uniform graphene coverage. To my
knowledge this is first high resolution STM studies of furnace grown Si-face samples.
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CHAPTER V
STRUCTURAL AND ELECTRONIC PROPERTIES OF EPITAXIAL GRAPHENE
Ideal graphene is envisioned as a perfect flat plane of sp2 bonded carbon atoms in a trigonal planar
geometry. In real-life however, the topography is often corrugated. Giant corrugations [149, 150]
have been observed on the ever so popular mechanically-exfoliated graphene, even at a very local
scale [97]. Regions of electron-hole puddles [136] are found occurring naturally in graphene due
to unavoidable disorder in the SiO2. The interaction with the substrate plays an important role in
the electronic properties of all graphene films. In epitaxial graphene(EG)/SiC systems, an interface
region exists sandwiched between graphene overlayers and the SiC substrate. Furthermore, the
graphene overlayers are found to be intrinsically electron doped due to charge transfer from the
interface [228].
5.1 Different layers in epitaxial graphene
In this section, different layers commonly observed on EG (on SiC(0001)) after graphitization will
be discussed. The layers, namely: layer 0, layer 1 and layer 2 exhibit unique structural and elec-
tronic properties. These layers grow epitaxially, and are found to be rotated 30◦ with respect to the
underlying SiC lattice (see Sec. 3.4 for a detailed discussion).
5.1.1 Layer 0





3)R30◦ reconstructed layer in STM measurements. This is the main SiC reconstruction (there
can be also a small 5×5 component) that is commonly seen after the graphitization process. Please
refer to Sec. 3.3 for a detailed discussion about different reconstruction phases commonly observed
in hexagonal SiC. This unavoidable layer forms naturally during the growth process around an
annealing temperature of 1100-1150 ◦ C [135, 175, 176] and can influence the transport in the
overlying graphene layers.
Figure 5.1(a) shows an empty state image of layer 0 acquired at +0.4 V. The sample is 2.3 MLe
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Figure 5.1: Difference in structural and electronic properties of layer 0, layer 1 and layer 2. (a) High
resolution image (15 Å × 15 Å) of layer 0 (interface) shows no indication of a graphene network
(1.0 V, 100 pA). Bias dependent imaging also did not reveal any graphene related features. Green
balls indicate six orbitals of the hexagonal features commonly seen in this layer. (b) layer 1 shows
position dependent variation in the imaging (15 Å × 15 Å) due to interface reconstruction (0.4 V,
100 pA). Graphene lattice is evident in areas not dominated by interface LDOS. (c) 15 Å× 15 Å
layer 2 image shows a trigonal lattice as two neighboring carbon atoms do not image identically. (d)
Randomly chosen 15 spectra in a 30 Å × 30 Å region of layer 2 terrace. The inset shows spatially
averaged spectrum with a suppression in the DOS near -0.4 V. This is believed to be the position of
the Dirac point [226].
thick. In this image, we do not observe any evidence of the graphene lattice. Bias dependent imag-
ing also did not reveal any structural similarities with graphene and SiC. This suggests an interface
between graphene and SiC. Counting only layers 1 and 2 (those that image as a carbon honeycomb),
the graphene coverage of this sample is 1.5 MLe. The difference of 0.8 MLe between the AES film
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thickness and the graphene coverage determined by STM implies that layer 0 is carbon rich. In
previous studies, Johansson et al [100] observed a large amount of carbon, and surface-shifted fea-





surface. It was suggested that the carbon is not graphitic, and the reconstruction extends to a few
layers, similar to the recent interpretations by Hass et al [92]. However, Forbeaux et.al [70, 71] ob-
served graphitic π∗ and σ∗ bands in their k-resolved inverse photoemission spectroscopy (KRIPES)
measurements for samples annealed to similar temperatures. They concluded that graphite films are
formed on SiC(0001) at annealing temperatures of 1100 ◦C. An attempt was made by Chen et al [45]
in 2005 to explain this discrepancy by proposing a carbon nanomesh of tiny graphitic islands as the
interface. They suggested that these islands exist as isolated domains on SiC arranged in a (6×6)
supercell structure. Several other recent theoretical [139, 211] and experimental [13, 173, 191]





layer, but the verdict is still pending. Recent surface x-ray reflectivity measurements are best fit
by a model where the transition spans one SiC bilayer (in which carbon largely replaces Si) plus
a low-density predominantly Si adatom layer [92, 197]. Recent photoemission measurements [63]
suggest that layer 0 is essentially a graphene like network where the C-C bond length is the same
as graphene. It was also suggested that the dangling bonds of the SiC interface were covalently
bonded with every third atom of this graphene like network. However, in our STM measurements
most commonly observed features on layer 0 were found to be tetramers and hexagons. Figure 5.1






This layer 0 interface must be detrimental to the transport in graphene overlayers due to the
presence of dangling bonds. Raman spectroscopy measurements on EG [198] (also discussed in
Chapter. 6) suggest some influence of the interface region on the electronic properties of layer 1.
There has been some partial success recently in passivating the SiC dangling bonds with atomic
hydrogen [82].
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Figure 5.2: STM imaging of layer 1 graphene shows different topographic character at varying bias
voltages. (a) 60 Å × 60 Å high resolution image shows a honeycomb lattice on layer 1 graphene
(+0.2 V, 100pA). All six atoms of the graphene lattice are clearly resolved. (b) High bias (+1.0 V,
100 pA) imaging on the same terrace shows adatom like interfacial features replacing the graphene
lattice. Two common features namely tetramers and hexagons, are observed. Hexagon orbitals are
represented by orange balls, and tetramers are indicated by one blue and three red balls. Additional
orbitals surrounding tetramers are represented by three green balls. Graphene deforms as it drapes
over the interface features (tetramers) which is apparent as a (6×6) period in (a).
5.1.2 Layer 1
layer 1 is the graphene layer that forms above the interface layer. This layer images as a honey-
comb lattice for low STM bias voltages <0.3 V and exhibits unique topographic character at higher
biases [34, 133, 197]. Figure 5.1(b) is an empty states image (0.4 V) of layer 1 that shows the
unique character of the STM ”topography” which is dominated by position-dependent variations in
the local density of states due to the subsurface (layer 0) reconstruction. Throughout the image, a
network of sp2-bonded C atoms as an underlying honeycomb pattern is evident. The tunnel voltage
in the image was chosen to enable imaging of both the graphene lattice and the subsurface interface
states [197].
Unique electronic character of SiC and layer 1 interaction, is also evident in the bias dependent
imaging shown in Figure 5.2. The images are acquired from the same terrace of a 2.0 MLe thick
sample. Figure 5.2(a) shows an atomic resolution image (60 Å × 60 Å) of layer 1 graphene at 0.2
V. All six carbon atoms of the honeycomb lattice are observed along with a bigger (6×6) period
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(discussed in Sec. 3.4). At a higher bias (1.0 V), graphene loses its transparency and adatom like
features are observed instead of a graphene blanket (see Fig. 5.2(b)). Similar variation in the imaging
as a function of bias voltage has been observed by other groups [34, 120, 197].
High bias scans revealed two distinct regular features on layer 1, namely: tetramers and hexagons,
dominating the topography, with the number of tetramers being significantly greater than hexagons.
It is reported [197] that at low temperature the tetramers image as a single lobe at high bias (1.0 V)
and as a tetramer at lower bias (0.5 V) empty states imaging, whereas they are observed as a trimer
in filled states imaging. Figure 5.2(b) shows a hexagon feature, where orange circles are placed on





3)R30◦ SiC sublattice. Also evident in Fig. 5.2(b) are tetramers (three red and one blue





The observed features are due to an electronic effect that has been explained by partial hybridiza-
tion of SiC dangling bonds with delocalized graphene bands [197]. These interfacial features are
responsible for shaping the topography of the graphene sheet.
As mentioned previously, a (6×6) period is observed as the graphene blankets over the interfacial
features. Judging by the relative population of tetramers and hexagons, it seems that the tetramers
which were observed to be far greater in number are responsible for the observed period. Previously,
the (6×6) period was believed to be caused by a Moiŕe effect in the STM studies by Forbeaux et
al [71]. Recent low temperature STM measurements and DFT measurements done by Rutter et
al [197] at NIST observe similar interfacial features (Owman et al made similar observations much
earlier [176]). The group also suggests a carbon rich interface with Si adatoms similar to the model
proposed by Hass et al [92]. Interestingly, our STM measurements show a step-height of 2.4 A
from layer 0 to layer 1, consistent with the surface x-ray reflectivity measurements [92], but much
smaller than the 3.35 Å interlayer spacing in graphite. This suggests some interaction between the
interface layer 0 and the layer 1 graphene [198]. It is not evident if the interfacial features depend
on the SiC polytype (4H-, 6H-).
ARPES measurements done by Zhou et al [228] suggest the presence of a graphene-like struc-
ture in layer 0 Bernal stacked with respect to layer 1. They observed a band gap of 0.26 eV in
layer 1 spectra which was explained by sublattice symmetry breaking. Another group [33, 194] has
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employed ”many-body” interactions argument to explain this feature which they believe is due to
electron plasmon coupling. If Zhou et.al are to be believed then such a stacking would introduce an
asymmetry in the charge density on the neighboring atoms which potentially could be observed via
low bias STM measurements. We, however, did not observe any deviations from the honeycomb
lattice in STM imaging. All six carbon atoms were regularly imaged at low bias. Moreover, as
discussed previously, high bias imaging was dominated by interfacial features.
5.1.3 Layer 2
The stacking order of graphene layers plays a major role in shaping the electronic properties and
Landau spectrum [80, 81] of the system. The most widely studied example of such behavior is
the Bernal stacking in bilayer graphene. In Bernal stacking [106], the second layer is positioned
such that the A’ atoms in the top layer are directly above the A atoms in the bottom layer and the
B’,B atoms don’t have anything directly above or below them(see inset Fig. 5.4). These layers are
separated by a distance of 3.35 Å [50] with weak coupling (τ⊥=0.4 eV) between them. This breaks
the sublattice symmetry and the electronic structure changes as a result. Theoretical work done by
Latil et al [119] indicates preservation of linear dispersion for turbostratic (randomly rotated layers)
multilayered systems. Such behavior has been observed experimentally in multilayered epitaxial
graphene on SiC(0001). X-ray measurements [92] suggest unique stacking of the graphene layers
that enables many layers to electronically behave like a single layer. Recently there has been much
interest in bilayer graphene. It is being investigated extensively both theoretically [105, 129, 143,
144, 154] and experimentally [95, 169, 185, 217] driven partly by the possibility of new electronic
devices.
The Bernal stacking of bilayer graphene gives rise to unique electronic dispersions [143]. The
low energy dispersion (Energy vs wavevector k) exhibits four hyperbolic bands. This is due to
hybridization of bonding orbitals of A atoms in the two layers. Two of the bands meet at the
Fermi level and the other two are separated by 0.4 eV, the strength of interlayer coupling constant
(τ⊥=0.4 eV) [95]. This is in contrast with the two band linear dispersion exhibited by the single
layer graphene. The charge carriers in bilayer graphene commonly referred to as massive Dirac
particles, remain chiral in nature. They exhibit a Berry’s phase of 2π as predicted by theory [143]
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and observed experimentally [169]. The hyperbolic bands can be further perturbed by introducing
asymmetry [142] in the system. For example, application of perpendicular electric field introduces
a gap, which can be controlled.
It is believed that layer 2 EG on SiC substrate is Bernal stacked. ARPES measurements [171,
228] indicate band dispersions representative of bilayer graphene. An asymmetry in the form of a
band gap is observed in these dispersion relations. layer 1 graphene is doped, as it accumulates the
charge transferred from the interface. layer 2, on the other hand, is relatively undoped making it
inequivalent to layer 1. This potential difference between the two layers is balanced out by a natural
opening of gap. The gap can be controlled by electron doping which can be done by depositing
metal on the sample. Ohta et al [171] demonstrated this by depositing pottasium on the sample.
They observed closing and opening of the gap as the potassium deposits were increased which
again can be explained by apparent changes in potential difference due to changes in the doping
levels.
In the past, STM imaging has been used to study electronic properties and crystal structures
of materials. One such classic example is the STM imaging of Si(111) [23, 31], which helped in
resolving some the mysteries of its 7×7 reconstructed phase. Kubby et al [113] correlated bias
dependent STM images with dI/dV spectra, and observed a layer resonance between the top surface
(adatom layer) and the remaining bulk crystal. Similar measurements on HOPG, has led to an
observation of a trigonal pattern [14, 15] at low bias conditions unlike the honeycomb lattice. This
is a direct evidence of asymmetry in the charge density of the neighboring atoms due to Bernal
stacking.
In the layer 2 empty-states image acquired at 0.5 V (Fig. 5.1(c)), the graphene atomic lattice is
observed, but the two sublattice atoms in the honeycomb do not image identically. Also evident in
Fig. 5.1(c) (and 3.4) is a superimposed modulation of the graphene surface height. This (6×6) period
is due to the deformation of the graphene sheet as it blankets layer 1 and the interface reconstruction.
The step height between layers-1 and 2 is 3.4 Å , essentially the same as the interlayer spacing of
graphite.
In a recent theoretical work, Wang et al [218] computed the LDOS for both single and bi-
layer graphene. They suggest that A the and B sublattice sites are not equivalent and should show
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Figure 5.3: LDOS of monolayer and bilayer. (a) LDOS for A and B sublattice are equivalent for
monolayer graphene. (b) LDOS for A and B atoms are non-equivalent for bilayer graphene. This
figure is taken from Ref. [218].
up in STM measurements. Figure. 5.3 shows theoretically calculated LDOS for undoped bilayer
graphene. Our STM is normally operated in the constant current tunneling mode. For bilayer this
implies that both the A and B atoms will receive the same amount of tunneling current. Therefore:
IA = IB (5.1)
Where Ii (i=A,B) is the tunneling current in A and the B atoms. The tunneling current in general
depends on the LDOS, distance between the tip and the sample and the bias voltage (discussed in












where VB is the barrier height, ρs is the sample density of states and z is the STM tip height.
































Equation. 5.4 relates the height difference between A and the B atoms with their LDOS. The
decay constant κ =
√
2mVB/~.
Figure 5.4(a)-(f) shows the atomic resolution (15 Å × 15Å) bias dependent STM imaging of
bilayer EG. Figure 5.4(a) and (f) show a hexagon indicating A (yellow) and the B (blue) atoms. All
images are acquired at a constant tunneling current of 100 pA, from the same terrace of a 3 MLe
thick sample. At low positive bias (0.2 V, Fig. 5.4(a) and 0.3 V, 5.4(b)) and low negative bias (-0.2
V, Fig. 5.4(d) and -0.3 V, 5.4(e)), every other atom (B) is imaged, suggesting asymmetry in the
charge density of the neighboring atoms. This is also evident in Fig. 5.4(f) in which all six carbon
atoms of the honeycomb lattice are imaged at higher bias (-0.6 V). This is a direct real space STM
evidence of Bernal stacking in bilayer EG. Figure 5.4(g) shows a plot of STM height difference
between A and B atoms of bilayer EG versus sample bias voltage. The red curve is the least square
fit of the STM height difference (zA − zB) with:
LDOS A(τ⊥, α) = |V | + α (5.5)
LDOS B(τ⊥, α) = |V | + α (5.6)
for |V | ≥ τ⊥.





Figure 5.4: STM imaging of layer 2 shows bias dependent features indicating Bernal stacking. The
hexagons show the approximate locations of the A (yellow ball) and B (blue ball) atoms of the
honeycomb lattice. High resolution (15 Å × 15 Å) imaging at low bias ((a),(b),(d) and (e)), shows
that A and B atoms are not imaged identically and a trigonal lattice is observed. At higher bias
(-0.6 V), A and B atoms are imaged identically and a honeycomb lattice is evident in (f). (g) Plot
of height difference between A and B atoms versus the sample bias voltage. The data was extracted
by doing line profiles on the high resolution images in three lattice vector directions. Red curve is
generated by doing by doing a least square fit on the experimental data. The fit generated interlayer
coupling constant τ⊥=0.25 eV and Dirac point ED=-0.065 eV with respect to the Fermi energy
level. A background DOS contribution of 0.02 was used in the fitting. The inset shows the Bernal
stacking in bilayer graphene.
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LDOS B(τ⊥, α) =
(|V | + τ⊥)
2
+ α (5.8)
for |V | < τ⊥.
Here α is a constant background density of states (this could potentially arise from defects).
The best fit gives κ=0.8 Å, tau⊥=0.25 eV, EF=0.065 eV and α=0.02. Similar results have been
obtained by Rutter et al [195] using low temperature (4.2 K) STM at NIST. They however observed
the location of the Dirac point and the coupling constant as -0.3 eV and 0.4 eV, respectively in
agreement with theory and experiments [55, 120, 228].
This discrepancy in the results could be due to several factors. In this model the tunnel matrix
element is represented by a simple exponential function (see Sec. 2.1.1). This is a result of a small
overlap between the wavefunctions on either side of the barrier. It is possible that this assumption
is too simple. Recently, variation was reported for κ (it changes by a factor of 2) at low bias (∼
±0.1 V) in exfoliated samples [226], but its value was essentially constant over the range of bias
voltages employed here. It was also suggested that tunneling in graphene takes place via an inelastic
tunneling channel. This channel is mediated by an out-of-plane 63 meV phonon. The electrons
having energy less than the phonon energy tunnel elastically, and there is a giant enhancement
(factor of 10) in conductance due to the inelastic phonon channel at energies higher than the phonon
threshold energy. The inelastic channel enables coupling to graphene states with large parallel
wave-vector k‖. These states decay rapidly as a function of distance from the surface, thus the direct








For higher biases the tunneling takes place through states that extend further into vacuum via
virtual transitions. It is also possible to fit the data by including giant background DOS with ”nor-
mal” values of EF and τ⊥, which could come from defects and disorder in the sample. Si-face
samples are known to have a high density of defects. The discrepancy in EF , τ⊥ could also be
related to the tip sample interaction, which is relatively unknown in case of graphene. Band bend-
ing effects [57, 64] can influence imaging due to highly intense electric field under the STM tip.
Such high electric fields can locally gate dope graphene. Another possibility could be the presence
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of defects or impurities in the immediate vicinity of the scanning area, which can locally alter the
doping in graphene. Furthermore, recent ARPES measurements [228] suggest a small band gap
(0.14 eV) in bilayer EG due to potential difference between layer 1 and layer 2, which is a result
of difference in doping. A shift in the position of the Dirac point (-0.4 to -0.2 eV) as a function of
thickness (1-3 layers) was also observed, which was associated with charges at the surface of the
interface. Although there is no clear evidence that these mechanisms (or a combination of them) are
responsible for the observed effects, multiple-bias imaging could provide a powerful technique to
study electronic inhomogeneities at an atomic scale under room temperature conditions. Note that,
interface states were not observed in layer 2 under varying bias conditions. Their contribution is
expected to be minimal as they are offset by 5.8 Å from layer 2.
Scanning tunneling spectroscopy of bilayer EG is equally interesting. Figure 5.1(f) shows fif-
teen randomly chosen spectra in a 30 Å × 30 Å region. The averaged spectra in the inset shows
a suppression (blue arrow) in the dI/dV near -0.4 V. Similar suppression in the dI/dV has been ob-
served by other groups [34, 120]. Suppression in the dI/dV is believed to be the location of Dirac
point, where a minimum in the density of states is observed. As discussed previously, in STM,
the tunneling probability into the states near Dirac point is low, due to the inability to tunnel into
states with large wavevectors. In my measurements, the energy location of the minimum with re-
spect to the Fermi level roughly corresponds to the doping induced via charge transfer from SiC to
graphene [228], although it is possible that the minimum is shifted 67 meV below the actual Dirac
point due to the photon enhanced tunneling described above.
5.2 Defects
Recently there has been a giant wave of interest in the study of defects in graphene [35, 196]. Defects
play an important role in defining the transport properties in an electronic material. In graphene,
these defects or disorder gives rise to unique scattering events due to its singular electronic struc-
ture. Elastic scattering events in graphene at a local scale are of general interest to the scientific
community. In an elastic scattering event, which could be mediated by a defect, an electron encoun-
ters a potential and undergoes a change in momentum, whereas its energy remains constant. The
elastic scattering events in graphene are illustrated in the inset of Fig. 5.5. For simplification only
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a 2D slice of the energy dispersion near the Fermi level EF is shown. This gives as circles (blue)
of radius q centered around the K and the K’ points. There are two dominant scattering events in
graphene, namely: intervalley and intravalley. Intervalley scattering process takes place between
two in equivalent K points (red arrow). Intravalley scattering is shown by the magnified blue circle
and represented by green arrow. Similar elastic scattering events have been studied extensively in
carbon nanotubes [12, 146]. Following Ando’s work [12], McEuen et al [146] showed that long-
range disorder does not couple to the pseudospin component of the wavefunction, as it is seen as
a constant at a small scale. The disorder potential seen by the electron is represented by Fourier
components V(q), where qK. The potential energy matrix can be written as [146]:






where θk,k′ is the angle between the initial and the final states. The intravalley scattering there-
fore will be suppressed in single layer graphene due to pseudospin and Berry’s phase [28] of
π [227]. In case of bilayer graphene since θ = 2π [169], Eq. 5.5 will give a non-zero contribu-
tion. The intravalley scattering will be allowed in bilayer graphene due to chirality of the heavy
Dirac fermions [103].
In our STM studies we imaged various types of point defects on EG. These defects were found
to exhibit unique electron density patterns in their immediate vicinity. These scattering patterns are
due to interference of incident electron waves and the waves scattered from the defects [151]. The
defects, themselves, were difficult to characterize, due unpredictable variability in the imaging at
room temperature because of tip sample conditions. The scattering patterns however were found to




3)R30◦, and were observed to be common in all in-plane
defects. Figure 5.5 shows a high resolution (200 Å × 200 Å) image of a defect on a layer 2 terrace
( 500 Å). This is an usual defect imaged by STM and it is difficult to determine the structure of
the defect by STM alone. The inset is a magnified (25 Å × 25 Å) image of the region enclosed
by the white box. A scattering pattern with donut shaped rings along with the graphene lattice





3) with respect to the graphene lattice. Three black hexagons represent approximately the
graphene honeycomb lattice. The scattering pattern is also found to be rotated by 30◦ with respect
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Figure 5.5: Defects in EG give rise to unique scattering patterns. Illustrtation in the image shows a
2D slice of the energy dispersion with intervalley and intravalley scattering events. High resolution
image (200 Å × 200 Å) of layer 2 epitaxial graphene showing defect in the lattice and a scatter-





scattering pattern (red diamond) with donut shaped rings. Three hexagons represent the graphene
honeycomb lattice.
to the graphene lattice and its decay length was found to be ∼30 Å. Theoretical calculations predict
similar scattering patterns being generated by point defects in graphene [151]. High resolution STM
measurements on HOPG have imaged similar scattering patterns at the defect sites [138, 163] and
step edges [109, 110, 164, 165]. Recent low temperature ( 4.2 K) STM measurements by Rutter et
al [196] have characterized some of the commonly found in-plane atomic scale defects in EG.
An interesting problem is the effect of multiple heating cycles on the quality of graphene films.
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Figure 5.6: Defects on a 2 MLe reheated (1200 ◦C) EG sample. (a) 160 Å × 160 Å high resolution
image of defects on layer 2 shows five defects (-1 V, 100 pA). Bigger subsurface or ”boil” (white
arrow) like feaures appear after reheating the sample. These could be due to unzipping and zipping
effect at the defect sites due to reheating. (b) and (c) are magnified images of regions enclosed by
red and green box in (a) respectively. Defect (c) is similarly shaped as (a) and has an additional
topographic deformity.
Graphene is a very robust fabric, however EG has higher density of in-plane defects as compared
to its mechanically exfoliated graphene counterpart. Annealing EG close to the graphitization tem-
perature might give us an opportunity to observe interesting effects at these sites. Figure 5.6(a)
is high resolution image (160 Å × 160 Å) of layer 2 graphene terrace on a 2.0 MLe thick. The
sample was reheated to a temperature of 1200 ◦C twice after graphitization for cleaning. In this
image (Fig. 5.6(a) acquired at -1 V one can observe five defects in the graphene lattice out of which
two seem like large boils or sub-surface features (white arrows). In these larger defects, graphene
seems to have enveloped something underneath, attaining a curvature of some sort. One possible
explanation is that graphene is draping over some sub-surface feature. It is also possible that since
the defect is a low energy site, graphene gets unzipped at this site at temperatures ∼1200 ◦C. I
believe carbon atoms get attached to the free edge and when the temperature is reduced again, the
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Figure 5.7: High resolution (60 Å × 60 Å) STM imaging on the layer 2 defect in Fig. 5.6 shows
unique electronic and structural changes with change in bias voltage. (d) and (h) A unique curvature
in topography is seen at higher bias (see figure for values) due to defect. (c), (f) and (g) At lower
bias, the curvature in graphene is suppressed. (a), (b) and (e) The deformity in the topography due
the defect is highly suppressed at low biases. Scattering is seen at all biases (100 pA) in the vicinity
of the defect. In (d) graphene images differently (red and black arrow) on either side of the defect
due to change in vertical alignment of A and B atoms in layer 1 and -2.
defect seems to acquire a curved surface. All this is evidenced from images in defects highlighted
by the enclosed red box, and magnified in Fig. 5.6(b) as well the defect which is enclosed by a
green box and magnified in Fig. 5.6(c). At first after graphitization, only defects such as the ones
Fig. 5.6(c) were imaged with STM. Therefore, it seems plausible that these defects were the areas
where graphene unzipped during reheating. On closer inspection one can observe the similarities
in the shape (tip) of the defects (b) and (c). It seems highly likely from this data that these bigger
defects are not subsurface features over which graphene drapes but rather they are ”boils” in the
graphene lattice.
Figure 5.7 shows the bias dependent imaging of the defect observed in the bottom left portion
of Fig. 5.6(a) (white arrow). These high resolution images (60 Å × 60 Å) were not acquired si-
multaneously. I would also like to point out that no tip switching was observed during these scans.
In these images, one can observe changes in the shape of the bigger defect as a function of bias
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voltage. At higher bias (Fig. 5.7(d) and (h)), the defect is observed as a boil in the graphene topog-
raphy. Scattering is observed in the vicinity of the defect (points in the southwest direction). At a
slightly lower bias voltage ( Fig. 5.7(c), (f) and (g)), a suppression in the curvature of the defect is
observed. On further reducing the STM bias voltage (Fig. 5.7(a), (b) and (e)), we observe that the
boil is highly suppressed in contrast to the imaging at higher bias. Furthermore a slight ripple in the
graphene fabric concentrated around the defect is evident in images acquired at -0.2 V and +0.4 V.
These observation could be an electronic effect mediated by changes in the local electronic structure
due to the defect. There is another possibility. It has been suggested that during low bias (<0.5 V)
STM imaging on HOPG [170], the tip is in contact with the sample. This could also be true in case
of graphene, although the EG samples are intrinsically n doped. In constant current tunneling mode,
a lower bias voltage would bring the tip closer to graphene. Therefore it is possible that at low bias,
since the STM tip could be in contact with the sample, the boil is getting compressed as the tip scans
across.
In Fig. 5.7(d), the bilayer graphene lattice is imaged differently (red and black arrow) on either
side of the defect. The raised defect has introduced a unique curvature in layer 2 graphene. It is
possible that the layer 2 graphene lays differently on layer 1 on either side of the boil. This would
result in a different vertical alignment of A and B atoms of layer 2 with respect to layer 1 on the
sides of the defect.
5.3 Step Edges
Fully graphitized SiC substrates exhibit a topography which has a high density of SiC (2.5 Å)
steps. As discussed in Chapter. 3, substrate roughening during the growth results in smaller do-
mains with complex geometrical structures and pits in the sample extending all the way down to the
substrate [87]. Table. 5.1 lists some of the step heights observed in EG on SiC(0001) by STM.
Figure 5.8(a) shows a 120 Å × 100 Å image around a SiC step. In this image, layer 2 graphene
is observed on either side of a 2.5 Å SiC step. Also evident is the (6×6) period superimposed on
the graphene lattice. The inset shows a rendered (bronze color) image of the 25 Å × 25 Å yellow
boxed region on the step edge. The graphene blanket is observed to continues over this step and
no scattering is observed at this location. In fact the robust nature of the graphene was evident in
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Graphene Step Edges STM Height (Å)
layer 0/layer 1 2.4 ± 0.2
layer 1/layer 2 3.4 ± 0.3
layer 1 island/layer 0 2.5 ± 0.3
layer 2 island/layer 1 variable
Table 5.1: Different step heights observed in epitaxial graphene (EG) on SiC(0001).
our other data where it appeared to go over any deformities in the topography. Epitaxial graphene
layers were always observed to be continuous over step edges, whether over substrate steps, or
steps between different EG layers. This is also the case for small raised islands of layer 2 material
occasionally observed within an otherwise layer 1 terrace. Figure 5.8(b) shows a 150 Å × 50 Å
image of a raised layer 2 island in a sea of layer 1 graphene. A close inspection of the image reveals
that the step edges (red lines) follow the direction of SiC reconstruction. The angle between the
two red lines along the step edges is observed to be 120 ◦C. Also evident in this image is some
scattering (discussed below) in top right portion of the image due to the presence of a layer 0 region
(not shown in the image). On the whole, graphite step edges were observed to be less sharper than
the SiC steps.
Figure 5.8(c) shows a 80 Å × 160 Å image of a layer 1 region bordered (top left section) by a
layer 0 region. In this image scattering is observed near the step edge (blue arrow). Fujita et al [73]
were the first to theoretically predict the presence of the local electronic states at the zigzag edges in
graphene ribbons with tight binding calculations. We can observe in this image that the coexistence
of the zigzag and armchair edges makes it difficult to isolate the electronic properties of either of
them to the LDOS. Interface states can be observed in layer 0. The inset shows magnified image




3)R30◦ pattern is evident. The pattern extends to 30 Å
from the step edge. layer 0 is structurally and electronically different from layer 1 as discussed in
previous sections. Variety of experiments [92, 100, 120, 229] have not been able detect graphene in





3)R30◦ pattern observed at this hydrogenated step edge is similar to scattering






Figure 5.8: STM imaging of step edges in EG on SiC(0001). (a) 120 Å × 100 Å image of a
graphene covered SiC (2.5 Å) step edge (0.3 V, 100 pA). Regions on either side of the step edge are
covered with layer 2 graphene. (6×6) period ( 20 Å) is seen superimposed on either side of the step
edge. Inset (rendered image) of the yellow boxed region on the step edge shows the continuity of
the graphene sheet over the step edge. (b) 150 Å × 50 Å image shows a raised layer 2 island in a
sea of layer 1 graphene (1.0 V, 100 pA). The step edges (red lines) follow the direction of the SiC
reconstruction. The angle between the red lines is 120 ◦C. Top right section of the image shows
some scattering due the presence of a layer 0 region (not shown in the image). (c) 80 Å × 160 Å
image shows scattering (green arrow) at layer 1 (step up) layer 0 step edge (0.2 V, 100pA). Scattering





scattering pattern (blue diamond).
is also observed at the edges of layer 1 islands in layer 0 terraces. The continuity of graphene films
over steps and surface deformities is useful for device applications.
5.4 Conclusions
In this chapter I showed unique structural and electronic properties of EG on SiC(0001) with STM
and STS. I discussed the properties and differences between the commonly observed layers in EG,
namely: layer 0, layer 1 , layer 2. Layer 0 is the interface between SiC and overlying graphene
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films with no evident graphene-like lattice. Tetramers and hexagonal shaped features were found
to be abundant in layer 0. I also showed the bias dependent imaging of layer 1 where a graphene
honeycomb lattice was seen at low bias (0.2 V) and subsurface features replaced the graphene lattice
at high bias (1 V). These features were commonly found to be tetramer and hexagonal shaped
with tetramers having a relatively higher population density than hexagons. I also showed the bias
dependent STM imaging of layer 2 graphene. The graphene imaged as a triangular lattice at low
bias and a honeycomb lattice at high bias. The dI/dV spectra at room temperature showed a unique
suppression in DOS near -0.3 V, which could be the location of Dirac point.




3)R30◦ pattern due to scattering of electron waves from a point defect. I
also talked about the effect of high temperature (∼1200 ◦C) heating on the quality of the graphene
samples. I also showed ”boil-like” features originating from the defect site after reheating. Bias
dependent imaging showed suppression in the curvature of the ”boil” at low bias conditions. I
showed the continuity of graphene lattice over subsurface deformities and step edges except at a







RAMAN SPECTROSCOPY OF EPITAXIAL GRAPHENE
Historically, Raman spectroscopy has played a significant role in the structural and opto-electronic
characterization of graphitic materials providing us qualitative information about defects, stacking
of graphene layers and finite size of the crystallites. It has been applied successfully for the past few
decades for characterization of highly oriented pyrolytic graphite (HOPG), kish graphite (and other
natural forms), fullerenes, carbon nanotubes, nanographene ribbons, glassy carbon, carbon fibers
and mechanically exfoliated graphene. Some of the modern Raman analysis techniques make it
possible to identify the edge defects (armchair/zigzag) [37, 38]. The advantages of such a technique
are immense since the focus is now shifting towards graphene nanoribbons where the nature of
the edge along with the width plays an important role in shaping the electronic properties. Lately,
Raman spectroscopy is being used as a powerful tool to study and identify different layers [68, 84]
in mechanically-exfoliated graphene samples. Furthermore, since the epitaxial multi-layered C-
face graphene exhibits linear dispersion (quasi 2D graphene) [93, 119] due to rotational stacking
faults, this technique could be a powerful tool to analyze the stacking disorder in this and other new
graphene-based material systems.
6.1 Phonons in Graphene
Phonon dispersions in graphene are unique in many ways and are responsible for some of its exotic
properties. The 2D graphene lattice has two carbon atoms per unit cell. This gives us six phonon
dispersion branches. Three phonon bands are acoustic (A) and three are optical (O). In case of both
optic and acoustic phonon modes one is out-of-plane (Z) and the other two are in-plane, longitudinal
(L) and transverse (T). The six phonon modes LO, TO, ZO, LA, TA and ZA are plotted along the
high symmetry points ΓK, KM and MΓ in Fig. 6.1. The inset in Fig. 6.1 shows the high symmetry
points Γ, K and M in the 2D Brillouin zone (BZ). At the K point, the LO (optical) and LA (acoustic)
branches meet resulting in a doubly degenerate phonon with E′ symmetry. The phonon modes LO
and TO are degenerate at Γ point and they are Raman active from group theory. The phonon mode
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Figure 6.1: Calculated phonon dispersions along ΓK, KM and MΓ directions. The optical phonon
modes are in-plane LO and TO, and out of plane ZO. The corresponding acoustic phonon modes are
LA, TA and ZA. Modes LO and TO are Raman active and ZO is infrared active. Enhanced electron-
phonon coupling takes place at A′1 and E2g (see text). The inset shows the graphene Brillouin zone
with Γ, K and M high symmetry points. Figure provided by Dr. J.A. Yan.





respectively. Along the Γ-K direction LO and TO branches have T3 and T1 symmetries respectively.
The unique dispersions of the LO and TO phonon branches near the Γ and K are explained in the
following few sections.
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6.1.1 Electron-Phonon Coupling and Kohn Anomaly
It is known that strong electron-phonon coupling (EPC) can adversely affect ballistic transport in
carbon nanotubes [225]. As mentioned in the previous section, TO and LO phonon modes are de-
generate at the Γ point. There is significant bond distortion in the LO mode (see Fig. 6.2) as nearest
neighbors vibrate opposite to each other. This vibration can couple to the electronic states through
intravalley (same Dirac cone) scattering process following the Raman fundamental selection rule
(q∼0). This suggests a strong EPC for this mode at the Γ (E2g). An enhanced EPC is also expected
at the highest TO A′1 at the Γ point due to intervalley scattering.
Phonon modes in a lattice are typically derived by setting up force constant equations. Anoma-
lous behavior of certain phonon modes near Brillouin zone boundary renders such an approach
ineffective at these points. The electronic conduction (π∗) and valence bands (π) in graphene are lo-
cated at the two inequivalent points K and K’ and have a zero band gap. These points are connected
by vector K, since
K’ = 2K (6.1)
Now, it is known that electrons partially screen the atomic vibrational states. Depending on
the shape of the fermi surface, changes in the phonon dispersion near certain q points of the BZ
are observed due to rapid changes in screening (for example metals and graphene, a semimetal).
This anomalous behavior near certain points near the Brillioun zone is called the Kohn anomaly.
Furthermore, as pointed out by Kohn [112] only wavevectors q that relate two electronic states (k
and k′=k+q) on the Fermi surface can manifest Kohn anomaly. Therefore, from Eq. 6.1 Kohn
anomalies can occur at q=Γ or q=K. In graphene, Kohn anomalies occur as two sharp kinks in the
phonon dispersion (see Fig. 6.1). It was shown by Piscanec et al [188] that the slope of the kinks is
proportional to the square of electron-phonon coupling.
6.2 Modes in Graphene
There are several phonon modes that can propagate in graphene. However we are only going to
discuss three primary modes namely G, D and 2D (or G’) . According to the Raman fundamental
selection rule q∼0, all unit cells must vibrate with the same phase. The second order modes are
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allowed as q+(-q)=0. Graphene contains two carbon per unit cell and group theory predicts two
in-plane normal modes namely E2g and B2g. E2g mode is Raman active and B2g is optically inactive.
6.2.1 G Mode
The G mode typically observed at 1580cm−1 [68] is a Raman allowed mode (q∼0) exhibited by
graphene and its derivatives and other carbon-based forms. Its presence in a Raman spectrum indi-
cates an sp2 network of carbon atoms. The G peak is due to a one phonon process involving Γ-point
optical phonons. These phonon modes namely LO and TO (E2g symmetry) are doubly degenerate
at the Brillouin zone center (see Fig. 6.1) and Raman active for a graphene network. Figure 6.2(a)
illustrates the bond stretching process in sp2 bonded carbon atoms for the G peak.
6.2.2 D Mode
The D mode is a Raman disallowed mode and it propagates due to relaxation of the Raman funda-
mental selection rule, q∼0 for perfect lattice. This is due to deviation from the ideal graphene lattice
lying within the monochromatic laser beam radius ( 1 µm). The deviations from the ideal graphene
include but are not limited to atomic scale defects, finite domains, nature of the edge and stacking
faults. Under such disorder, the mode propagates and the lattice can ”breathe”. Figure 6.2(b) shows
the real space illustration of this breathing mode. As discussed previously, the Kohn anomaly re-
sulting from electron-phonon coupling increases the phonon dispersion [188] near the Γ,K points.
The LO phonons give rise to defect-induced Raman features [66]. This mode is activated by a dou-
ble resonance process. Vidano et al [214] suggested that the D-band is dispersive in nature and the
D-band frequency was found to be dependent on the laser excitation energy. Previously, a maxi-
mum in the phonon density of states was believed to be the origin of D-band. It was shown that
upshift in frequency of the D mode as a function of change in laser energy is linear with a slope of
50 cm−1. The D-band originates from an intervalley double resonance process that involves the two
inequivalent points K and K’ of the 2D graphene BZ. This mechanism was proposed by Baranov
et al [20] and Thomsen et al [140, 208] later calculated the scattering cross section of the double
resonance process.
Figure 6.2(c) illustrates the intervalley (between inequivalent K and K’ points) double resonance
(DR) process for D mode. In Fig. 6.2(c1) an incident photon resonantly excites an electron in the
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Figure 6.2: (a) Bond stretching process in Raman allowed G mode. (b) D mode breathing process
which is a Raman disallowed mode and is only seen in samples having disorder or defects. (c) One
phonon double-resonance intervalley process for D mode (see text). The process involves two real
electronic transitions, one virtual transition, one elastic and one inelastic scattering process. (d) Two
phonon double-resonance intervalley process for 2D (G’) mode (see text). The process involves two
real electronic transitions, one virtual transition and two inelastic scattering processes.
valence band (π) to conduction band (π∗). The electron then scatters inelastically by emitting a
phonon of momentum ~q to a conduction band state in K’. The electron is further backscattered by
a defect through a non-resonant elastic process. The electron then recombines with the hole by a
non-resonant process. In the second process, (Fig. 6.2(c2)) the inelastic backscattering from defect
due to emission of phonon (−~q) occurs, after the elastic scattering from K to K’. In processes (c3)
and (c4) the π − π∗ transition due to incident photon is non-resonant. Electron-hole recombination
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process is elastic. In process (c3) backscattering is elastic, and occurs after the inelastic scattering
of the electron. In the double resonance (DR) process either the initial or the final k state is a real
state and k+q is always a real electronic state. The two real electronic transitions namely: the
vertical transition between the hole state and the electron state, and the intervalley transition makes
it a double resonance process.
As seen previously (in Sec. 1.2.2.3) there can be two different kinds of edges in graphene, arm-
chair and zigzag. Localized edge states are observed in zigzag edges, whereas no electronic states
are observed for the armchair edge. Raman spectra can be used as tool to study edge structure in
graphene [38]. The edge behaves as a defect by backscattering the electron in the DR process. In the
backscattering process, the step edge related defect has a 1D character. It can transfer momentum
only in the direction perpendicular to the step edge. Furthermore, the strength of scattering is sensi-
tive to the edge termination. The D band is about four times more intense in armchair configuration
compared to zigzag configuration [38]. The direction of the transferred momentum vector in the
case of armchair configuration satisfies the conditions for the DR process by defect scattering.
The size of the domain also influences the D mode. X-ray and Raman measurements done by
Tuinstra et al [209] on several graphitic samples suggested an inverse relation between the domain
size La and ID/IG (ratio of D and G peak intensity). This relationship (Equation. 5.1, fix this later)
was determined experimentally [108] by using 2.41 eV laser line on different graphitic systems and
later by Cancado et al [39], who used a series of different laser lines.
6.2.3 2D Mode
The 2D mode, also known as G’, appears at a frequency that is the first overtone of the D band. It is
the second order mode in the Raman spectra and is an allowed mode (q+(-q)=0). This mode is very
sensitive to the stacking order in graphite and its analysis can be extended to multilayer graphene
with rotational stacking faults.. It has been shown by Nemanich et al [160] that the spectral shape of
the 2D peak changes from one peak to two peaks in poly- and single-crystal graphite respectively.
This mode is highly dispersive and a linear relation (slope 100cm−1) was observed between the
upshift and the change in laser energy [214]. The mechanism for this mode was first proposed by
Baranov et al [20] and later by Thomsen et al[208]. The mode orginates from a double resonance
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process between the inequivalent K and K’ points.
Two phonons are involved in this double resonance process as shown in Fig. 6.2(d). In the first
process (d1) an incident photon resonantly excites an electron from π to π∗ band. The electron then
scatters inelastically by emitting a phonon of momentum ~q to a conduction band state in K’. The
electron backscatters inelastically by emitting a phonon (-~q). The electron then recombines with
the hole (at k state) by a non-resonant process and emits a scattered photon. In process (d2), the
π − π∗ transition is non resonant and the electron-hole recombination after two scattering processes
(phonons ~q and -~q) is resonant.
The 2D mode is very sensitive to the stacking order in graphene, as energy bands evolve with
the number of layers and stacking order [119]. Changes in the both spectral shape and intensity
of the 2D peak have lately been used a powerful tool to count the number of layers in exfoliated
graphene samples [68, 84].
6.3 Experiment
Raman spectroscopy can be used to distinguish and characterize mechanically exfoliated graphene
since this material has a very characteristic G-band peaked at 1590 cm−1 and a 2D-band at 2720
cm−1 [68]. Moreover, changes in the spectral shape and intensity of 2D-band can be used as tool for
monitoring thickness [68] of such samples. Several different thickness epitaxial graphene samples
were grown on n-doped 6H-SiC(0001) under ultra-high vacuum (UHV) conditions (base pressure
< 1 × 10−10 Torr). The aim was to extract and possibly isolate layer dependent Raman spectra, in
a manner similar to exfoliated graphene samples. SiC samples were etched at 1500 ◦C in 1-atm
of 5% H2/95% Ar gas mixture to remove scratches from the surface (see Fig. 3.1). A reference
sample of highly oriented pyrolytic graphite(HOPG) was obtained from SPI supplies [4]. The sub-
strate is then annealed in UHV by electron-bombardment heating (max pressure ∼ 10−8 Torr) at a
temperature >1200 ◦C for EG growth. It is possible to control the epitaxial graphene layer thick-
ness to a certain degree by adjusting the growth temperature and time. The average thickness was
determined by Auger electron spectroscopy (AES) from different locations on the sample (typically
>4 spectra). The thickness reported in this section includes the contribution of the carbon in the
interface (∼0.8 MLe), please refer to Sec. 3.2 for more details about AES thickness measurements.
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The characterization was done in situ with low energy electron diffraction (LEED) and scanning
tunneling microscopy (STM).
Raman measurements were done ex situ in a Renishaw RM 1000 Raman microscope at Mate-
rial Science and Engineering department (see Sec. 2.4.2) at room temperature under atmospheric
conditions. Raman spectra was done with Argon laser at a fixed wavelength of 514.5 nm (2.41 eV)
and exit power below 3 mW. The laser is focussed on the EG surface to a spot diameter 1 µ m using
a 50× objective. Under these conditions the spectral features scale linearly with intensity. The high
intensity laser penetrates deep and there is significant contribution from the SiC bulk. For back-
ground subtraction, Raman spectra were acquired from ungraphitized H2 etched control sample by
focussing the laser into the SiC bulk below the surface.
6.4 Analysis and Discussion
Figure 6.3 shows Raman spectra acquired from the SiC bulk and from samples with 1.8 and 2.7
MLe Auger thickness. Spectra are normalized to have equal intensity at the SiC edge near 1950
cm−1. In the 2.7 MLe sample, clear differences are observed from SiC spectra. There are additional
pronounced peaks at 1360, 1590, and 2720 cm−1. To isolate these features, the SiC and a linear
background was subtracted from the spectra. The background-subtracted spectrum is shown for
comparison in Fig. 6.3. Three major peaks are identified as due to graphene: the D-modenear
1360 cm−1, the G-mode at 1590 cm−1, and the 2D-mode near 2720 cm−1 [67, 68]. As mentioned
previously, the G peak is due to a one phonon process involving Γ-point optical phonons, and is
characteristic of sp2-bonded carbon [68], while a single-lorentzian 2D peak has been shown to be a
signature of single-layer graphene [68]. The 2D peak for the 2.7 MLe sample is well-fit by a single
Lorentzian with a full-width-half-maximum (FWHM) of 47 cm−1 (the FWHM of the 2D peak for
the mechanically exfoliated graphene is known to be approximately 30 cm−1 [68]). The D peak or
the breathing mode is due to a resonance process involving two inequivalent K and K′ points in the
brillouin zone of graphene [67, 186]. The D peak is not allowed in ideal graphene due to the large
wave-vector of the K-point phonon involved. Its presence is an indication of disorder, such as the
finite size domains, atomic scale defects [39] and armchair-type edge defects [37, 38]. The D and
2D bands are respectively, one-phonon plus elastic scattering and two-phonon double resonance
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Figure 6.3: Raman spectra showing the subtraction of the SiC background from the Raman raw
data. Raman spectra for and SiC and two different thickness (1.8 MLe, 2.7 MLe and 2.7 MLe after
subtraction) are shown. SiC band extends from 1000 cm−1 to 2000 cm−1. Changes after subtraction
can be traced by following the dashed lines. D, G and 2D bands are identified at 1360 cm−1, 1590
cm−1 and 2720 cm−1 respectively for the 2.7 MLe sample after the subtraction. Relatively small
intensity of the 2D peak for the 1.8 MLe sample is observed.
processes. The peak locations of the D, G and 2D bands are indicated by green, red and blue dashed
lines respectively (see Fig. 6.3).
The 2.7 MLe sample has approximately 65% layer 2 coverage. Although layer 2 has a significant
coverage on the sample there are fluctuations in the domain size and layer distribution, the intensity
of the 2D peak cannot be used as a tool for thickness measurement [68]. However, the Raman
spectra will be dominated by contribution from layer 2. The presence of D peak is an indication
of disorder in the system. Measurements done by Cancado et al [39] suggest an emperical relation
between domain size, laser energy and relative intensity of the D and the G peak given by:
91
Figure 6.4: Raman spectra are shown for 1.4 MLe, 1.8 MLe, 2.2 MLe, 2.7 MLe, 3.3 MLe and HOPG
samples with 2.41 nm Argon laser. SiC background spectrum is subtracted from the raw data. The
EG Raman data for all samples has been normalized to the most intense SiC Raman feature. 1.4
MLe sample shows no evidence of 2d peak. A sharp rise in intensity is observed for the 2D peak in
2.7 MLe sample. 2D peak in Raman spectra for HOPG is clearly different from the single lorentzian
observed in EG.






where, ID and IG are integrated intensities, La is the lower bound limit of the domain size, and
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λlaser is the wavelength of the incident laser beam (514.5 nm). For the 2.7 MLe sample lower bound
limit of the domain size is estimated to be 32 nm and is consistent with the STM measurements.
Raman spectra were acquired on five different thickness samples(1.4, 1.8, 2.2, 2.7, and 3.3
MLe)in addition to a spectrum on HOPG (see Fig. 6.4). In the spetrum for 1.4 MLe sample, there is
some evidence of the D and G peaks but no intensity for the 2D peak after background subtraction.
It should be noted that 1.4 MLe sample has only layer 0 and layer 1 coverage. For 1.8 and 2.2 MLe
samples, there is a fractional coverage of layer 2 and some intensity is observed from the 2D mode.
A dramatic jump in intensity is observed for the thick 2.7 MLe sample (Fig. 6.4). At such thickness
there is a significant increase in the coverage of layer 2. The observation of single Lorentzian for the
2D peak for thicker samples (2.7 and 3.3 MLe) suggests similarities between these EG samples and
single layer exfoliated graphene. This is claim is supported by an observation of a Berry’s phase of
π [55] in the transport measurements on similar thickness samples.
Suppression of the 2D mode in layer 1 graphene is a striking results that suggests strong interac-
tion between the interface and the terminating graphene layers. STM images 5.1 unique topography
of layer 1 graphene, which is dominated by position dependent variations in the local density of
states due to the subsurface reconstructions. As discussed previously in Sec. 5.1.2, step height be-
tween layer 1 and layer 0 is 2.4 A◦ from STM measurements which is in close agreement with recent
x-ray reflectivity measurements [92].
6.4.1 Peak Shift and Line Width
The peak position in the Raman spectra is due to shift in the energy of inelastically scattered photon.
This shift depends on the vibrational modes or the phonon modes. Several factors such as doping
and compressive strain [65, 122, 162, 192] to a larger extent contribute to shift in the position of the
peaks.
It was observed that peaks are usually shifted into higher energy compared to exfoliated ones.
The G and 2D band shifts relative to the exfoliated sample and HOPG are shown in Fig. 6.5. For
undoped graphene the average position of G band is expected at 1580 cm−1, for turbostratic graphite
there is an upshift of 20 cm−1 [123]. In our samples there is an upshift for the G peak of 8 cm−1
which seems to be only weakly dependent on thickness, and is likely due to a combination of doping
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Figure 6.5: (a) Plot of FWHM of the D, G and 2D peak for 1.4, 1.8, 2.2, 2.7, and 3.3 MLe samples.
(b) Peak shift deviation for G and 2D peak from Raman spectra of a single layer exfoliated graphene
on SiO2.
and disorder effects. Intrinsic doping levels of 1012 cm−2 are achieved due charge transfer from the
SiC substrate to the graphene layers (work-function difference). In doped systems there is change in
the Fermi surface and this moves the Kohn anomaly [112]. Since the Fermi surface does not follow
the Dirac cone displacement, this also leads to stiffening of the G mode phonons. Work done by
Pisana et al [187] suggest G peak stiffening for both hole- and electron- doping. Electrochemical
gating was employed by Das et al [53] to reach higher doping levels (up to 5×1013 cm−2). In these
measurements, phonon stiffening was observed for the G peak, whereas the 2D peak shows phonon
softening (20 cm-1) for higher gate voltage. As shown in Fig. 6.5, there is a considerable shift to
higher frequency (50 cm−1) for the 2D band and this shift seems to be maximum near 2.7MLe. The
shift does not indicate phonon softening, rather it has been associated with compressive strain [65].
The Raman peak widths also change as a function of film thickness, as shown in Fig. 6.5. Using
D or 2D peak energy width Γ as a measure of the mean excitation lifetime τ = ~/Γ produces
estimates of the hot-carrier transport path length that are close to the measured domain sizes. The
mean transport length can be estimated as vFτ/2 assuming ballistic transport up to the lifetime
limiting event, or as
√
Dτ for diffusive transport (elastic scattering time τe much less than τ), where
D = v2Fτe/2 is the carrier diffusion constant. Taking τe = 10 fs [196] and a peak width of 50 cm
−1
gives transport lengths of 50 nm (ballistic limit) and 25 nm (diffusive limit), which are comparable
to measurements of the domain size from the D/G intensity ratio (see Eq. 6.2), from surface x-ray
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scattering [91], and as shown below, from STM. Consequently, for films under 2 graphene MLe,
the excitation lifetime appears to be limited by domain size and defects. For thicker films, the peak
width is thought to include a contribution also from multilayer peak splitting plus strain [122].
In exfoliated graphene, after taking trigonal warping into account, only the dispersion along
ΓMK are considered. Where, Γ, M and K are the points of high symmetry. Only the phonons
having q > K contribute significantly towards the double resonance process. Kurti et al [114]
suggest that due to trigonal warping, q < K involves an even portion of phase space and q ∼ K
does not contribute at all to this process because of zero electron-phonon coupling [140, 188]. It
is possible that for layer 1 the bands warp in a manner that there is no significant contribution
towards the double resonance process at all. This discussion assumes a uniform coverage and a
well-ordered film. However, as discussed below, the surface and buffer layer have complicated
geometric structures with a relatively high density of SiC steps and domains of different graphene
thickness.
STM survey scans on the samples prepared for Raman measurements indicate differences in the
thickness and domain size of graphene. Domain sizes appear to depend sensitively on experimental
conditions; a direct relation was observed between the domain size and the intensity of the D peak
for two samples prepared under nominally identical conditions (samples having smaller domains
had a larger D peak). None of the samples had significant coverage of layer 3.
6.5 Conclusions
In this chapter, I showed systematic changes in the Raman spectra as the film thickness increases
from 1 to 3 layers. The most striking result is a large increase in the intensity of the Raman 2D (G’)
band for samples with a mean thickness of more than 2.5 graphene-equivalent layers. Correlating
this information with STM images, I showed that the first graphene layer imaged by STM produces
no 2D peak, but the second imaged layer shows a single-lorentzian 2D peak near 2750 cm-1, similar
to spectra acquired from single-layer mechanically exfoliated graphene on SiO2. The 4-10 cm−1
higher frequency shift of the G peak relative to exfoliated samples can be associated with charge
exchange with the underlying SiC substrate and the formation of finite size domains of graphene.
The much greater (32-50 cm-1) blue shift observed for the 2D-band for thicknesses >1.8 layers may
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be correlated with Raman scattering involving these domains and structural strain.
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CHAPTER VII
METAL ISLANDS ON EPITAXIAL GRAPHENE
In Chapter. 1 some of the distinct properties of graphene were briefly discussed. The extraordinary
linear dispersion relation due to sublattice symmetry makes it a truly unique electronic system. Re-
cently, both fundamental(references needed) and complicated devices (references) have been suc-
cessfully fabricated on graphene. In principle, it is possible to realize semiconducting/metallic
(zigzag/armchair) behavior in graphene and one can envision a circuit with seamless graphene in-
terconnects. In other words, a complete circuit can be realized on a single graphene sheet by using
advanced lithographic techniques. However, in a real world situation, metal/graphene contact is
unavoidable. The unique electronic structure of graphene will result in a graphene/metal inter-
face unlike traditional metal/semiconductor contacts with different characteristics to address[Here
discuss about nanotubes/metal contact experiments]Graphene has a unique electronic structure lo-
calized around the K points of its Brillouin zone (see Sec. 1.2.2), and most of the metals exhibit
a 3D electronic structure. Furthermore, carrier density in metals is much greater than graphene.
Figure 7.1(a) illustrates the poor wavefunction matching at the metal/graphene interface of a metal
having a Fermi wavevector less than that of graphene, such as the noble metals Cu, Ag and Au. This
results in a low transmission probability leading to high impedance. The workfunction difference of
metals and graphene results in screening charge at the interface due to equilibration of Fermi levels.
Size related quantum effects can be observed in this accumulated charge at the interface. In the
past, similar experiments using contact based STM measurements has been done on HOPG [170].
In these studies, confinement of the screening charge has been suggested at the interface due to a
big impedance mismatch between the screening region and the area around it.
Metamaterials or negative indexed materials (NIMs), have generated a lot of interest in the
scientific community in the past few years leading to a flurry of experimental [44, 79, 124, 130]
and theoretical studies [72, 131, 179–184, 213, 222]. The concept of a NIM was first proposed by
Victor Veselago [212] in 1967. Recently, the concept has been applied to graphene in which negative
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Figure 7.1: (a) An illustration of poor wavefunction matching at metal/graphene interface of noble
metals (Cu, Ag and Au) having a Fermi wavevector less than that of graphene. (b) An illustration
showing the change in doping induced by a metal island having a workfunction greater than that
of graphene. Graphene is hole-doped under the metal island and electron-doped away from it. The
doping changes as a function of distance.
refraction of electron waves has been envisioned [43]. For experimental realization, however, one
needs to create an abrupt pn junction (a major requirement). It is know, that the sign of the carriers
can be changed by applying gate voltage [166, 167] to graphene. A pn junction can be generated
by gating graphene with a ”split gate” such that we have both hole and electron flavors. An abrupt
junction can then be realized by fine tuning the gate voltages, to make electron and hole densities
on either side of the junction equal.
7.1 Experiment
Metals can be deposited on graphene by using standard lithographic techniques. Such techniques
however leave behind residual resist, rendering the samples dirty that are unsuitable for STM mea-
surements. STM techniques require the samples to be clean and electrically conducting. To over-
come this, the samples for metal deposition in our experiments were prepared following the proce-
dure outlined in Sec. 3.1. The metal epitaxial graphene (Metal/EG) system is realized by depositing
nickel in situ, with a metal deposition setup mounted on the room temperature UHV system. As
discussed, prior to graphitization, samples were H2 etched in an external home built RF furnace.
The samples were then mounted on a molybdenum sample holder with tantalum tabs, and trans-
ferred to the room temperature UHV chamber. Graphitization was done by exposing the back of the
samples to the electron flux generated by the e-beam heater. The temperature and the background
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Figure 7.2: Calibration of Ni evaporator is done by locating the minimum in derivative of emission
current dI/dx as a function of distance x. This position corresponds to the end of the rod in the plane
of the filament. Plot of emission current (I) as a function of Ni source displacement. Inset shows
a plot of dI/dx as a function of distance. A minimum in the curve occurs when the end of the Ni
source is in the plane of the filament.
pressure during graphitization, were monitored via optical pyrometer and ion pump current respec-
tively. The complete procedure, including various reconstruction phases during the graphitization
process, is described in detail in Sec. 3.1. Thicker samples which had a substantial coverage of layer
2 were prepared for metal/EG experiments.
The metal deposition was done via electron beam Ni evaporator, which was developed and
constructed by Dr. Cullen [51], a former student. This setup consisted of a 2” long 2 mm diameter
rod of high purity Ni, mounted on a linear motion feedthrough (Please refer to Dr. Cullen’s Ph.D.
thesis [51] for details) . The source rod is aligned with the axis of a circular tungsten filament
(0.175 mm). During operation, a high voltage (2 kV) is applied to the Ni rod, and a current of
2.2-2.8 A is passed through the filament, held at ground potential. The rod gets heated by electron
bombardment from the filament. During operation, the end of the rod is positioned 10 cm from
the plane of the circular filament. This ensures focusing of the electron beam from the filament,
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on to the tip of the rod. The generated flux consists of Ni atoms (and ions1) that are collimated by
a cylindrical enclosure, having an aperture opening at the end. The beam of Ni atoms exiting the
aperture, is projected on the sample (the distance between the sample and the aperture opening is
∼15 cm). Both the flux rate and the deposition time, can be varied for depositing the desired amount
of material. The linear feedthrough allows a travel of 25 mm to compensate for the wire loss. It is
essential to maintain the geometry of the setup for proper focusing of the electron beam on the tip
of the rod. In our experiments, the method proposed by Jones et al [101] was used to compensate
for the rod loss. In this method, emission current I(x) is recorded at x=0, when the rod is fully
extended through the plane of the filament. Hereafter, the I(x) is recorded at 1.0 mm increments of
x. Figure 7.2 shows the plot of I(x) vs x. Spline fit differentiation of the I(x) curve with respect to x,
results in a minimum (see inset in Fig. 7.2), at the point where the tip of the rod is close to the plane
of the filament. This location identifies the position of the rod with respect to the the filament.
Prior to deposition, the e-beam evaporator is outgassed and calibrated with a quartz crystal
monitor. The quartz crystal microbalance is mounted on the sample manipulator in the RT system,
with the crystal pointing in the same direction as the sample heater. For calibration, the flux is
evaporated onto the quartz crystal microbalance, and the signal is read via Inficon XTM/2 deposition
monitor [1] through an external coaxial BNC connection. Both the deposition rate and the thickness
of the film, is monitored using the Inficon monitor. The Inficon monitor can be programmed with
parameters for different materials. A fresh quartz crystal microbalance has a natural resonance
frequency of 6 MHz which decreases as material gets deposited on the sample. In our experiments,
the deposition rates were kept around 0.05 MLe/s.
7.2 Growth
HOPG has routinely been used for metal deposition, to create nanostructures and other features [8,
49, 94]. The basal plane of HOPG offers a variety of low energy sites including step edges, terrace
edges and edge defects making it an ideal template for material deposition. During graphene growth
on SiC(0001) substantial amount of substrate roughening takes place. This results in a nonuniform
1These ions can be collected to generate ion current.There exists a linear relationship between the ion current and the
flux of atoms passing through the aperture. The flux can be monitored by measuring the ion current.
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topography with smaller domains, pits, defects and high density of SiC steps as discussed in Chap-
ter. 3. However the Si-face offers a big advantage in terms of intrinsically n-doped graphene films.
The doping is due to charge transfer from the surface of the SiC interface, with the doping lev-
els reaching 1012 /cm2. The electron doping in EG has been experimentally verified with variety
of different techniques [55, 120, 228]. Now, metal islands will either hole dope or electron dope
graphene depending on the workfunction difference between them. Effects of metal (Potassium)
doping on EG were recently observed in ARPES measurements [171]. As mentioned previously,
the screening charge exists in the metal/EG system as the Fermi levels have to align. This screening
charge is envisioned to exist as a 2D ”puddle” at the metal/EG interface.
Let us now calculate approximately the doping levels that can be achieved in a Ni/EG system.
The workfunction difference between Ni (5.2 eV) and graphene (4.6 eV) is ∆Φ (ΦNi − Φgraphene)






Where ε0 (=8.85 × 1012 m3kg−1s4A2) is the permivitty of free space, e (=1.6 × 10−19 C) is the
charge of an electron and d (=3.3 Å approx.) is the distance between the metal island and graphene
layer. This gives us doping levels of ∼1013 /cm2, enough to hole dope graphene. The screening
charge is given by σ.πx2 where x is the radius of the screening area. Nickel in principle will give us
the desired hole doping with acceptable doping levels.
Ideally a single metal island on a large terrace is a perfect system for scanning STM measure-
ments. One such low energy site for nucleating an island on a terrace is an in-plane atomic scale
defect. After deposition the diffusting species can anchor on a defect leading to the formation of an
island. Some other low energy sites available for nucleation are step edges, steps and pits. These
sites were also found populated with Ni islands and clusters. However, in general, it is difficult to
anchor foreign material on graphene as they diffuse rapidly on the surface.
Figure 7.3 shows an 1800 Å × 1800 Å image of Ni metal islands on EG/SiC(0001). The sample
thickness was found to be 2.7 MLe from AES. The sample is covered with 0.5 MLe of Ni which was
deposited by exposing the sample to a 0.05 MLe/s flux of Ni atoms for 10 s following the procedure
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Figure 7.3: STM image (1800 Å × 1800 Å) showing distribution of Ni islands on 2.5 MLe
EG/SiC(0001) (1.0 V, 100 pA). The sample thickness is 2.7 MLe and the total Ni deposited was
∼0.5 MLe. Ni islands of various shapes and sizes are seen abundant on the sample. A relatively
high density of smaller Ni islands are seen in pits (white arrow). ”Necklace” formation of islands
are seen bordering the pits.
described in Sec. 7.1. Although it was not the focus of this work, a high coverage was useful to
study the distribution of these islands on the rough EG/SiC(0001) topography. It is also useful in
identification of the low energy sites for island nucleation. The sample was observed to be covered
with Ni islands of several different shapes and sizes. The shape of these islands was found to fall
under the three categories namely triangular, trapezoidal and circular. These shapes are illustrated
in Fig. 7.4(d) and the three island types triangular, trapezoidal and circular are represented by blue,
red and green color, respectively. Although the islands were found at all possible low energy sites,
the pits were found to be most densely populated. In the past, nucleation sites have been created
on HOPG by oxygen etching [178]. This is done by heating HOPG to ∼650 ◦C in a controlled O2
environment which produces 700 Å wide and monolayer-deep (3.35 Å) pits. These pits were found
to be effective nucleation sites for anchoring metals [141]. However, an essential difference here is
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that the pits in EG run several layers deep. Nonetheless, as seen in Fig. 7.3 the pit (white arrow) is
observed to be ”necklaced” with Ni islands similar to the metal nanostructures seen around pits on
etched HOPG [141]. Also evident in this image is the relatively high population of metal islands in
the pit. Interestingly, the islands in the pit were found to considerably smaller than the islands found
at other locations. A possible explanation for this is that due to small terraces in EG the diffusing
species get trapped in the pits before they can combine with other similarly diffusing species for
bigger island formation. Furthermore, only circular islands were found in the pits. The terraces and
steps were found to contain bigger islands of all shapes.
Figure 7.4(a) shows a smaller image (900 Å × 900 Å) from a different location on the same
sample. In this image one can observe trapezoidal and triangular shaped islands on the terrace
and an accumulation of circular islands in the pit. There are a few smaller clusters that appear
as tiny specks in the image. Figure 7.4(c) shows a line profile across a triangular shaped island.
The height and the width of this island is 12 Å and 150 Å respectively. Similarly shaped electron
beam deposited Ni islands have been observed on other surfaces. Ni deposition on Au(111) results
in metal islands anchored at the elbows of the herringbone (22 ×
√
3) reconstruction [41, 51]. It
should be remembered that gold surface is extremely flat and provides an ideal template for material
deposition. These islands were suggested to be highly ordered. In Fig. 7.4(b) one can observe the
absence of islands (white arrows) that were imaged in the previous scan. The images (a) and (b)
were acquired consecutively, one after the other. This is also evident in Fig. 7.3 where some atoms
the islands are partially imaged before disappearing. These atoms move under the influence of STM
tip. These islands are not securely anchored on the terraces and are highly mobile. Manipulation of
atoms and clusters with STM is an extensively researched area [203–205, 220].
The relative population of different islands was calculated by counting them individually in eight
3000 Å × 3000 Å sized scans at different locations on the sample. For this particular sample (2.7
MLe) and 0.5 MLe Ni deposition, 75% of the sample was found to be covered with circular islands
as compared to 15% and 10% in case of triangular and trapezoidal shaped islands, respectively. It
seems likely that the island distribution is a function of sample quality (terrace size, defects and pits)
and amount of deposited Ni. The relative population of these islands is represented by the pie-chart
in Fig. 7.4(d), along with the illustration of their shapes.
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Figure 7.4: STM imaging of different types of Ni island on EG/SiC(0001). (a) 900 Å × 900 Å
image shows circular islands in the pit and bigger islands on the terrace and the step (2 V, 100 pA).
White arrows point to the location of the island that were not imaged in the subsequent scan, as
shown in (b)(2 V, 100 pA). (c) Line profile across triangular island shows that it is 12 Å high and
150 Å wide. (d) Relative population of triangular (blue), trapezoidal (red) and circular (green) is
15%, 10% and 75%, respectively.
The screening charge region of an island is expected to be bigger than its size. A high cover-
age of Ni, 0.5 MLe in our case, may not be suitable for studying doping related effects as it may
uniformly dope the sample. This may happen if the population density of these islands is high so
that the screening regions of these individual islands overlap. In order to overcome such a potential
problem only a fractional amount of Ni should be deposited so that individual islands are well sep-
arated form each other. We also saw the difficulty in anchoring Ni islands on graphene and even a
massive 12 Å high 150 Å wide island can get displaced under an STM tip.
104
7.3 Spectroscopy of Nickel Clusters
As discussed previously, Ni islands can potentially hole dope EG. The screening charge region is
believed to exist at the interface of the metal/EG contact in the form of a 2D ”puddle”. It is possible
that due to small size of the island quantization of this screening charge may take place under the
metal island. It is also of interest, to find out whether wavevector matching at the graphene/Ni
interface would play any role in such small islands. Figure 7.1(b) illustrates the doping effect of
a metal island on graphene, where the metal workfunction is assumed to be greater than graphene
workfunction (4.6 eV). Under such conditions graphene could be hole doped under the metal island.
If we move away from the island, the hole doping decreases, and we make a transition into the
region with intrinsic n doping. The transition region is of interest, as not only there is a change
in the nature of doping, the electronic structure of EG may also evolve. If this transition region is
abrupt then negative refraction of electron waves can be observed. Such changes in the doping and
electronic structure as a function of distance can be measured with scanning tunneling spectroscopy
(STS) technique. Similar measurements techniques have been employed in the past to study the
tunneling of GaAS(110) with Fe clusters [69]. In these measurements size dependent and distance
dependent changes in the tunneling were observed. Similar measurements have also been done on
Au nanocrystals on Au(111) [88] and HOPG [29] surface.
In the previous section, we saw the difficulty in anchoring Ni islands on graphene and even a
massive 12 Å high 150 Å wide island can get displaced under an STM tip. The sample was also
found covered with metal clusters, although their population density was found to be significantly
lower than that of metals. They were found to be less mobile than the islands. STS studies over
these clusters would gives us similar doping effects but at a more local scale.
Figure 7.5(a) shows a high resolution image (180 Å × 180 Å) of a metal cluster on EG. The
sample thickness is 3 MLe and the Ni coverage is 0.15 ML. The cluster size is approximately 10 Å
× 20 Å. It is difficult to predict the structure of the metal cluster by STM alone. A scattering pattern
can be observed in the vicinity of the Ni cluster. This pattern is similar to the scattering observed
around defects and step edges. Figure 7.5(b) shows a magnified rendered image of the Ni cluster
(red box). This image was subsequently taken after an IV spectral grid in the previous image. The
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Figure 7.5: Spectroscopy studies of a Ni cluster as a function of distance. (a) 180 Å × 180 Å high
resolution image of a Ni cluster on EG (0.5 V, 100 pA). A scattering pattern is also seen around the
cluster. (b) Magnified rendered image of the metal cluster in (a) (red box). An IV spectra is taken
at every eighth point (8 × 8 grid) in the image. dI/dV spectra is produced by doing a numerical
derivative of the IV spectra. (c) Radially averaged spectra (red circle in (a)) as a function of distance
from the center of the Ni cluster (see text). The spectra are vertically displaced for clarity. Arrow
points to the approximate location of the Dirac point for EG/SiC(0001) samples. A shift is observed
in the hump (red line) and the shoulder on the left, with distance.
spectra were only teken at every eighth point (8 × 8 grid) in the image due to the thermal drift at
300 K. The conductance (dI/dV spectra were generated by doing a numerical derivative of the IV
spectra. In these measurements, we are looking for changes as a function of distance. Starting from
the center of the cluster, all the spectra lying within a radius of 10 Å were selected and averaged
together. This radial averaging process was continued for 42 different radii. These different radii
were offset by 3.2 Å, the first radius was 10 Å, the second was 13.2 Å and so on. This process
is also illustrated in Fig. 7.5(a) by the red circle. This radial averaging process was done by using
FORTRAN based interactive data language (IDL) [2] software package. Figure 7.5(c) shows 42
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Figure 7.6: Conductance (dI/dV) map of the topographic image in Fig. 7.5(a) with Ni cluster (see
Figures for energy values (V)). The red arrows point to the location of the Ni cluster in the topo-
graphic image. Horizontal and vertical lines are drawn for better clarity. At energies away from
the Dirac point (∼-0.3 eV relative to the Fermi level), the DOS is suppressed at the location of the
Ni cluster. (b) Near the Dirac point, however, such suppression is not observed due to infinitely
long wavelengths. Change in contrast between top and the bottom half of the image could be due
different reconstruction domains.
radially averaged spectra offset by a distance of 3.2Å from each other. The spectra are also vertically
displaced for clarity. The bottom most and top most spectra correspond to a distance of 10 Å and
138 Å, respectively, from the center of the cluster. A red arrow approximately points to the location
of the Dirac point on the spectra far away (138 Å) from the cluster. Please refer to Sec. 5.1.3 for
discussion about the minimum in the DOS at near -0.3 V. A shift is observed in the ”hump-like”
feature centered around -0.3 V, with distance. From top to the bottom spectra this feature shifts
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towards higher energy. The red dashed line traces the shift in the position this feature. A similar
trend is also evident for the shoulder centered around -0.7 V. It is difficult to predict a similar shift
for the minimum (possibly the Dirac point). It is difficult to localize charge from an impurity on
graphene, which could be reason for not seeing a pronounced shift in the position of the minimum.
The room temperature STS (RTSTS) measurements put a limit on the energy resolution of the data.
In general, the broadening is given by:
∆E = 3.3kBT (7.2)
where, kB is the boltzman constant and ∆E is the broadening due to temperature and experiment.
At room temperature ∆E=0.085 eV. It is possible that the minimum feature is getting masked by
the hump. The upshift in the energy location of the ”hump-like” feature agrees with the hole doping
expected around the metal island. There is an energy shift of ∼0.1 eV over a distance of 128 Å for
this feature.
Figure 7.6 shows an extrapolated dI/dV map of the spectral grid. Although, there is a significant
amount of thermal broadening in STS at room temperature, some interesting results are seen in the
(dI/dV) maps. In all figures, the red arrow points to the location of the cluster in the topography. At
energies away from the Dirac point (Fig. 7.6 (a),(c) and (d)), a suppression in the DOS is observed
at the location of the metal cluster. Whereas near the Dirac point such a suppression is not observed.
At the Dirac point, the electrons wavelength is infinitely long and it becomes difficult to scatter them.
They become insensitive to local perturbation in the potential. A change in the contrast between the
upper half and the lower half of the image can be observed in Fig. 7.6(b). This might due to a change
in the SiC reconstruction domain along the scan direction.
These results indicate some changes in the local electronic structure by the Ni cluster. Similar
studies on bigger island would help us understand analogous problems in lithography. The confine-
ment of the 2D screening charge at the metal/EG contact is an open question. Future work may also
include STS studies of the hole to electron transition region. An abrupt transition region could give
rise to negative refraction of electron waves.
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7.4 Conclusions
In this chapter, I investigated the electronic properties growth of Ni islands on EG/SiC(0001). At
a higher coverage of Ni (0.5 ML), I found the sample to be covered with islands of three different
shapes, namely: circular, triangular and trapezoidal. I suggested that the relative population density
of these different shaped islands, depends both on the quality of EG, and the amount of deposited
Ni. I identified step edges, pits and in-plane atomic scale defects as low energy sites for island
nucleation. Pits by far were found to be the most populated with only smaller islands. I suggested
the possibility that these smaller islands get trapped in the pits, before they can combine with other
such similar species for bigger island formation.
I showed STS studies of metal clusters as a function of distance. I also showed doping dependent
shift in the energy position of the dominant features in the radially averaged spectra. A suppression
in the DOS was shown at -0.3 V with respect to the Fermi level. This minimum is believed to be
the location of Dirac point [120, 226]. I showed extrapolated dI/dV maps at room temperature taken
on the same cluster. The maps showed a suppression in the DOS at the cluster location for energies
away from the Dirac-point energy. dI/dV map at the Dirac point energy, showed no suppression
in the DOS. Near the Dirac point, wavelength of the electrons is infinitely long and they become




Electronic properties of graphene have been investigated in a variety of experiments. Results of
these studies highlight the potential of this material system as a replacement for the aging Si tech-
nology. However, for better integration into the present technological trends, epitaxial solutions
are required. In this thesis work, I studied growth and electronic structure of epitaxial graphene
(EG) on SiC(0001). The samples were grown both in ultra-high vacuum and low vacuum fur-
nace environments. I used different surface science tools, namely: scanning tunneling microscopy
(STM)/spectroscopy (STS), Auger electron spectroscopy (AES), low energy electron difraction
(LEED) and Raman spectroscopy to study this new 2D electronic material system.
The graphene growth on SiC(0001) in UHV is epitaxial. I found that the topography is domi-
nated by smaller domains, pits and a high density of defects. This is due to substantial amount of
substrate roughening during the growth. I found some evidence on the low coverage samples which
may indicate that the growth starts at random locations on the step edges. The growth must include
mechanisms by which Si can desorb from the samples. On low coverage samples, I found patches
of layer 0 (interface) on a layer 1 (first graphene layer) terrace that can act as potential venting sites
for Si. This suggests a growth mechanism where individual graphene sheets come together at el-
evated temperatures. Graphene islands were found to be less common on the EG samples. I have
shown that the electronic properties of the islands is dominated by SiC substrate. These graphene
islands were found to prefer armchair over zigzag step edge configuration. I also found that a high
background pressure during UHV growth adversely effects the quality of the samples. Future work
may include more detailed investigation of growth process on low coverage samples with STM, and
correlating these observations with theoretical simulations.
I also carried out STM investigations of low-vacuum furnace grown EG samples on SiC(0001).
I found that the topography was dominated by SiC steps and bigger graphene terraces (compared to
UHV grown samples). Atomic force microscopy (AFM) showed raised solid ”tiger-stripe” features
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emanating from the bottom of the steps and running perpendicular to the step edges. With high
resolution STM imaging, I found the ”tiger stripe” features to be filled with amorphous carbon-
based species. Other higher nanocaps were discovered around the tiger stripes and on the terrace.
I made an attempt to regraphitize the furnace grown samples in UHV. I found that on heating the
samples to 1280 ◦C, the tiger stripes were found to be free of amorphous carbon species and parts
of nanocaps had a flatter topography of height 3.5 Å. I was able to get rid of the nanocaps at
1320 ◦C. The average terrace size of these samples was found to be ∼300 nm. It is evident that the
low-vacuum furnace environment plays an important role in the growth process. Furthermore, the
role of the amorphous species is also not understood. Clearly a good deal of work remains before a
complete understanding of the growth process is established.
I was able to study the unique electronic and structural properties of EG on SiC(0001). I found
evidence of an interface region (layer 0) in agreement with previous studies. I was not able to image
graphene in the interface region. I was able to study unique properties of the first graphene layer
(layer 1). At higher energies, layer 1 became transparent and interface states were imaged. At low
bias, a honeycomb graphene lattice was seen. The second graphene layer (layer 2) was found to
show asymmetry in the charge distribution of the neighboring atoms. A model based on the STM
height difference of the A and the B atoms at different biases, showed the location of the Dirac
point as -65 mV (relative to the Fermi level). This discrepancy indicates a need for a more complex
model for interaction between the first two graphene layers. Future work may involve analysis of
other parameters (decay constant) that may vary with bias voltage. I also found that scattering of




3)R30◦). I found graphene to be
continuous over step edges except between layer 0/1, and any subsurface deformities.
Raman spectroscopy has been a powerful tool for identification of different thickness exfoli-
ated graphene samples. A single layer graphene shows a single lorentzian peak for the 2D mode,
which evolves for other thicknesses. I was able to extract similar layer dependent information for
EG/SiC(0001) samples. I found an anomalous suppression of the 2D peak in layer 1, whereas layer
2 showed a single lorentzian. I suggested a strong interaction between layer 0 and layer 1. Interest-
ingly I found a step of 2.4 Å (<graphite step of 3.35 Å) from layer 0 to 1 with STM measurements.
For device application, it is important to characterize the metal/EG contacts. For small contacts,
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quantization effects are expected in the screening charge that exists at the interface. Ni metal islands
can locally hole dope EG, which regains its electron doping in regions away from the metal island.
I found three different shaped islands distributed on EG. The pits were found to be highly populated
relative to the rest of the sample. Spectroscopy measurements on the Ni metal cluster showed shift
in energy of some spectral features as a function of distance. I was not able to establish a similar
trend in the energy position of the Dirac point. In dI/dV maps I found the inability of the metal
cluster to scatter electrons near Dirac point energy due to infinitely long wavelengths. A lot of
work remains to be done to have a complete understanding of the system. It may be interesting to
investigate the change in the electronic structure of EG near the transition region. An abrupt pn
junction (transition region) could exhibit negative refraction. Future work may include STM/STS
studies of size related quantum effects on the screening charge.
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